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1. INTRODUCTION
The Gamma-Ray Large Area Telescope (GLAST) is an international space mission
scheduled to be launched in 2007, that will explore the gamma-ray sky in the range
of 10 Kev to 300 GeV. GLAST will be the first to explore the electromagnetic spectrum
in the energy range above 10 GeV essentially picking up where the pioneers of gamma
ray satellites left off. These forerunners showed the gamma ray sky to be surprisingly
rich and complex, and opened a new window in the astrophysics world. The Ener-
getic Gamma Ray Experiment Telescope (EGRET), which flew onboard the Compton
Gamma Ray Observatory (CGRO), was the first to complete a full sky survey in the 30
MeV to 10 GeV energy range, from this survey over 270 sources were detected, most of
which still remain unidentified. EGRET uncovered the tip of the iceberg, raising many
questions, and it is in the light of EGRET’s results that the great potential of the next
generation gamma-ray telescope can be appreciated.
GLAST will have an imaging gamma-ray telescope vastly more capable than any
other instrument flown before, as well as a secondary instrument to augment the study
of gamma-ray bursts. The Large Area Telescope (LAT), the main instrument onboard, is
an imaging gamma ray telescope and consists of three subsystems which are: the silicon
strip tracker, the CsI imaging calorimeter and an anti-coincidence detector. The silicon
strip tracker is by far the most complex of the GLAST sub-detectors. It has 80 m2 of
active silicon and its close to 106 independent electronics channels; the GLAST silicon
tracker will be the largest tracker ever built for a space application and constitutes, to
date, one of the largest scale applications of the silicon strip technology. The LAT will
have superior area, angular resolution, field of view and dead time, all of which provide
for a factor of 30 or more in sensitivity with respect to EGRET. The GLAST mission as a
whole, as mentioned previously, is an international mission and therefore the design and
construction of the instruments are performed by various countries including France,
Germany, Italy, Japan, Sweden and the United States of America. A crucial role is
played by the Italian collaboration, which is largely responsible for the construction of
the silicon strip tracker.
The tracker construction is organized in a well defined series of increasingly complex
operations ranging from the tests of the silicon sensors up to the assembly and testing of
the tower modules, and the Italian collaboration is responsible for most of the activities
related to the construction itself. A total of 18 tower modules have been successfully
completed, out of these 18, 16 are flight modules, which constitute the full silicon strip
tracker, and two are designated for the calibration of the detector. The majority of my
work was based on the testing and the verification of the performance of the sensors and
associated readout electronics at all the levels of the construction, from the single-sensor
test up to the environmental tests of the full flight towers. I have also been collaborating
with the Italian industrial partners involved in the tracker construction, following part
of the activities performed outside the INFN research laboratories. In addition, I have
contributed to the off-line analysis of the data collected, with particular attention to all
the test and calibration activities performed on the ground prior to the launch. In this
thesis I will describe the various phases involved for the construction of the Large Area
1. Introduction 5
Telescope silicon strip Tracker. In particular, chapters 2-4 are dedicated to the testing,
assembly and data analysis of the all of the components which constitute the tower
module. In chapter 1 I briefly discuss the scientific case for the GLAST experiment and
in chapter 6 I present the environmental tests performed on every tower module.
2. THE SCIENTIFIC CASE FOR GLAST
The surface of the Earth is shielded from the cosmic gamma ray radiation by the at-
mosphere, therefore the gamma ray astronomy community is obligated to launch its
instruments in orbit in order to observe this portion of the electromagnetic spectrum. It
is possible to detect high energy gamma ray from the ground by taking advantage of the
Cherenkov light produced by the particle as it interacts with the atmosphere. Yet, the
background level and the technical limitation typically prevent the ground based tele-
scopes (at least in the current available implementations) from reaching the necessary
sensitivity below 50 GeV. On the other hand, except for the cases of the few very strong
gamma ray sources, balloon exposure is generally too short and the cosmic ray induced
background in the residual atmosphere is too large to obtain a significant measurement.
The science of gamma-ray astrophysics up to the tens of GeV is therefore completely
dependent upon space based satellite missions. Due to this obligation, the high energy
gamma-ray sky has been studied with only a few ground breaking missions that started
in the mid 1960’s. Such missions as the SAS-2, COS-B and EGRET made remarkable
observations ranging from the resolution of the Vela and Crab pulsar leading to the the
first gamma-ray catalog of point sources to a complete survey of the high energy gamma
ray sky. Yet, out of the 271 sources observed by EGRET, 60% remain unidentified (with
no visible counterpart at other wavelengths).
The GLAST mission was conceived to address important outstanding questions in
high-energy astrophysics, many of which were raised but not answered by the first pi-
oneering satellite missions. GLAST will enter in the panorama of the high energy
astrophysics making a big step forward in the science and in the technological develop-
ment, carrying in space the knowledge of the solid state detectors, which have been used
on large scale, up to now, only in the high energy laboratories on ground. The main
instrument onboard, the Large Area Telescope (LAT) will have a superior area, angular
resolution, field of view and dead time that together will provide for a factor of 30 or
more advance in sensitivity. There is good reason to believe that GLAST will see known
classes of sources at redshifts of 5, or even greater if the sources existed at earlier times.
Amongst the many issues that will be addressed by GLAST some of the main topics
are: Gamma-Ray Burst, Pulsars, Extragalactic Background Light, Interstellar Emission
and the origin of Cosmic Rays.
In this chapter, an introduction to the past gamma ray missions, the instrumentation
used and the discoveries made will be discussed, followed by an introduction to the
gamma-ray astrophysics to be addressed by the GLAST mission.
2.1 Brief history of Space based gamma-ray missions
The gamma-ray detector on board the third Orbiting Solar Observatory (OSO 3) was
launched on the 8th of March 1967 into a nearly circular orbit of mean altitude 550 km
and inclined at 33◦ with respect to the equatorial plane. OSO 3 operated continuously for
16 months, during which it performed a complete sky survey and recorded 621 photons
above 50 MeV and illustrated how the distribution of gamma-rays is highly anisotropic
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with a noticeable concentration around the galactic center and extended regions along
the galactic plane.
Fig. 2.1: Conceptual structure of the high energy gamma ray detector flown onboard the OSO-III
mission.
The satellite contained an MIT gamma-ray instrument whose body consisted of a
multilayer CsI and plastic scintillator detector, coupled with an energy detector con-
taining several layers of Nal in alternating layers of tungsten. The whole of the detector
was enclosed by plastic scintillator detectors for anticoincidence. The photon direction
was loosely determined by the solid angle defined by the geometry of the telescope.
The next satellite mission for the exploration of the gamma-ray sky was NASA’s
Small Astronomy Satellite (SAS 2) launched on the 19th of November 1972. The instru-
ment consisted of a 32 level wire spark chamber interleaved with tungsten conversion
foils with an energy range of 20 Mev to 1Gev. The energy information was (loosely)
derived by the multiple scattering, measured by means of the tracking planes, and the
counter-coincidence system was provided by a set of plastic scintillator tiles and direc-
tional Cherenkov detectors placed below the spark chamber.
The missions scientific goals were to provide a full sky coverage within one year
of operation, with early emphasis placed on the galactic plane. Due to a failure of
the low voltage power supply, the data collection unfortunately stopped on June 1973.
Nonetheless, SAS-II provided the first detailed information about the gamma ray sky
and showed that the galactic plane radiation is strongly correlated with the galactic
structural features and revealed for the first time a high energy (> 35 MeV) component
of the diffuse celestial background [25].
The ESA COS-B mission was launched on the 9th of August 1975 and outlasted it’s
original two year lifetime reaching a full six years and eight months. The detector was
sensitive to photons in the energy range spanning from 30 MeV to several GeV over a
field of view of almost 2 sr. During COS-Bs’ lifetime it made detailed observations of
gamma-ray pulsars such as the Geminga pulsar, along with binary systems.
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Fig. 2.2: Schematic view of the gamma ray detector onboard the SAS-II satellite.
Fig. 2.3: Structure of the gamma ray telescope onboard the COS-B mission.
The mission was also able to view nearly 50 per cent of the celestial sphere, and
thus providing a gamma-ray map of the galaxy. The detector consisted of a magnetic
core wire matrix spark chamber whose triggering was provided by a three element scin-
tillation counter and a 4.7 radiation lengths calorimeter. The whole of the telescope
was surrounded by a plastic scintillator guard counter, serving as an anti-coincidence
detector
NASA’s Compton Gamma ray Observatory (CGRO) experiment, that was launched
in 1991, carried amongst others, the Energetic Gamma Ray Experiment Telescope
(EGRET). Like its predecessors, EGRET made use of the spark chamber system to
detect gamma-rays by the electron positron pair production process. The directional
telescope consisted of an upper spark chamber containing 28 closely spaced spark cham-
ber modules interleaved with twenty seven 0.02 radiation length plates. The lower
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spark chamber, was surrounded by two time of flight scintillator planes, widely spaced
and did not have any radiation plates. The whole of the telescope was covered with
an anti-coincidence scintillation dome. The initial direction was determined from the
upper spark chamber data. The lower spark chamber assembly, between the two time-
of-flight scintillator planes, allowed the electron trajectories to be followed, provided
further information on the division of energy between the electrons, permitted seeing
the separation of the two electrons for very high energy gamma rays, and indicated the
entry points of the electrons into the NaI monolithic calorimeter. The resolution was
degraded to about 25% above several GeV due to incomplete absorption in the NaI
calorimeter, and at energies below about 100 MeV where ionization losses in the spark
chamber plates accounted for an appreciable portion of the total energy.
Fig. 2.4: The pair production telescope EGRET. An anti-coincidence detector (ACD) shield
encapsulates the spark chambers preventing triggers from charged particles. The direc-
tional telescope consists of two levels of a fourtimesfour scintillator array with selected
elements of each array in a time of flight coincidence. The initial direction of the elec-
tron pair is usually determined from the upper spark chamber data, whereas the lower
spark chamber (that is between two time of flight scintillator planes) allows the electron
trajectories to be followed. The energy of the gamma ray is determined in large part
from the measurements made in the square monolithic calorimeter located below the
time of flight plane. Spark chamber measurements of the Coulomb scattering in the
tin plates and position information in the spark chamber system also aid in the energy
determination.
EGRET produced the first full sky survey in the energy range between 30 MeV and
10 GeV. The energetic sources detected were 271, of which only 100 have detectable
counterparts at other wavelengths such as Active Galactic Nuclei (AGN) and pulsars.
Thus leaving 171 objects emitting in the gamma-ray sky whose origins are completely
unknown.
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2.2 Gamma-Ray Astrophysics
One of the last bands of the electromagnetic spectrum to be fully developed for astron-
omy is the range above 20 MeV. Thanks to the fact that gamma-rays have a small inter-
action cross section and are not effected by intergalactic magnetic fields, they serve as
probes into nature’s highest energy processes. During the last few decades, the improve-
ment in technology has begun to unveil the mysterious and greatly various gamma-ray
sky. Ground based as well as space based telescopes have brought forth many discov-
eries and also many unresolved questions regarding gamma-ray point sources. In this
section a brief discussion on the main scientific targets of gamma-ray astronomy will
be presented, with emphasis on the possible contributions that the GLAST experiment
will have to offer the scientific community.
2.2.1 Active Galactic Nuclei (AGN) and Blazars
Active galactic nuclei are amongst the most powerful, long lived objects in the universe.
They range from the nuclei of some nearby galaxies emitting about 1040 erg sec−1 to
distant quasars emitting more than 1047 erg sec−1. The emission is spread widely across
the electromagnetic spectrum, often peaking in the UV, but with significant luminosity
in the infrared, x-ray and gamma-ray bands. Models of active galaxies concentrate on
the possibility of a supermassive black hole located at the center of the host galaxy. The
dense central core provides material which accretes onto the black hole consequently
releasing energy in the x-ray and gamma-ray range. There are several types of active
galaxies, namely Seyferts, quasars and blazars. Seyferts galaxies typically emit in the
energy range up to 100 KeV, therefore out of the three types of AGNs, they are the
lower energy gamma-ray sources. Studies of the Seyferts can be combined with a model
of how such objects are distributed in the universe to compare to diffuse gamma ray
background.
Fig. 2.5: Spectral Energy Distribution of Quasar 3C-273.
Unlike the Seyferts, quasars are typically detected at high energies and are very
bright and highly variable at all energies. In the unified view of the active galaxies1,
quasars are being viewed with the jet in our line of sight, seyferts on the other hand are
1 The basic idea behind the unified view is that there are only a few underlying physical properties
which account for the large range of AGN charateristics. In fact it is thought that there is only one type
of AGN and the observed variety arises from two degrees of freedom: (1) Dust opacity and (2)Viewing
angle of the relativistic jet.
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positioned in such that the jets are outside the line of sight. The first observations of
such objects came from COS-B, that observed the brightest quasar: 3C-273 whose energy
spectrum is shown in figure 2.5. Blazars are very powerful objects characterized by the
fact that the collimated jet is pointing towards the observer, thus what is observed is
dominated by phenomena occuring in the jet region. Another aspect of the blazars is the
high degree of polarization in the visible band and by the variability (in all wavelength
bands) which ranges on timescales from minutes to days. With a total of 66 high
confidence identifications, blazar AGNs now compose the largest fraction of identified
gamma ray sources in the EGRET range. Out of the approximately 100 objects that
EGRET identified, most of them were AGN’s. GLAST, with its increase in sensitivity,
will bring the number of known AGN gamma-ray sources from about 70 to thousands.
Also because of its decrease in dead time, it will be able to lower the minimum time
scale for detection of variability and monitor the sky for AGN flares and study the high
energy spectrum.
Fig. 2.6: Predicted number of observed high latitude Blazars in one year of observation. The
comparison is between the EGRET point source sensitivity for sources at high latitude,
and the estimated one for GLAST.
2.2.2 Gamma Ray Bursts
Gamma Ray Bursts (GRBs) were first reported in 1973 based on the observations per-
formed in 1969-71 by the Vela U.S military satellites that were monitoring for nuclear
explosions possibly performed on behalf of the Russian military. These satellites ob-
served transient flashes of radiation in the gamma-ray energy range that did not come
from the Earth’s direction. Gamma Ray bursts are the brightest sources of gamma ray
photons in the observable universe. They are typically short lived (ranging from a few
milliseconds to a few minutes) and can shine hundreds of times brighter than a typical
supernova (emitting energies from 1052 − 1054erg). A major advance in the study of
GRBs occurred with the launch of the Compton Gamma Ray Observatory (CGRO) that
was able to perform an all sky survey with the Burst and Transient Experiment (BATSE)
which measured about 3000 bursts and found that they are distributed isotropically in
the sky, which is a typical characteristic of objects with an extragalactic origin.
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The combined energy ranges between the LAT and GLAST Burst Monitor (GBM)
will be able to detect gamma ray burst spectra up to the GeV scale and track their after-
glows (slowly fading x-ray, optical and radio emission detected once the GRB has faded).
The two instruments onboard GLAST (LAT and GMB) will detect more than 200 GRBs
per year, thus greatly improving our understanding of these incredibly powerful objects.
2.2.3 Extragalactic Background Light
An apparently isotropic, presumably extragalactic, component of the diffuse gamma-ray
flux was discovered by the SAS-2 satellite and later confirmed by EGRET for energies
above 30 MeV. Out of the many possibilities for the origin of this flux, the most probable
is composite light from a large number of faint point sources, such as Active Galactic
Nuclei (AGNs) [14]. Another more alluring possibility that would imply exciting particle
astrophysics is the relic radiation from some yet unknown high energy process in the early
universe, or from some particles deriving from the extension of the standard model to
supersimmetric particles (SUSY), which can contribute substantially to the Dark Matter
content of the universe and that can be found in the Galactic halos. The Extragalactic
Background Light (EBL) is characterized by a spectrum that is well described by a power
law with index 2.1±0.3 over EGRET energies and it is consistent with the average index
for blazars that EGRET detected, which lends some support to the hypothesis that the
isotropic flux is from unresolved AGN sources [27]. In order to investigate this hypothesis
it is necessary to resolve the background into point sources, a task that up until now
was not possible to achieve, due to the observational limitations of the past satellite
missions. The improved angular resolution of GLAST will allow the separation and the
identification of possible point-like sources to the EBL. GLAST will vastly increase the
number of detected point sources, with a flux limit at high latitudes that is a factor of
20 or more lower than EGRET’s. Whereas EGRET identified about 70 AGNs, GLAST
should see thousands (figure 2.6) and thus resolve a greater fraction of the isotropic
emission.
2.2.4 Unidentified Sources
Out of the 271 objects observed by EGRET, more than half are unidentified (there is no
accountable counterpart at other wavelengths). The reason why these sources remain
unidentified is related both the nature of the sources and to the experimental limits of
EGRET. Considering their distribution on the sky, less than one third of these objects
are extragalactic (possibly blazar AGNs) and the remaining lying within the Milky Way.
Recent work suggests that many of these unidentified sources are associated with the
nearby Gould Belt of star forming regions that surrounds the solar neighborhood [12],
while apparently-steady sources are likely to be radio-quiet pulsars [13].
GLAST will be the first telescope with an appropriate combination of angular reso-
lution (< 3.5◦ at 100 MeV and < 0.15◦ above 10 GeV) and sensitivity that will possibly
enable the identification of the EGRET sources. GLAST will be able to directly search
for variability in sources at least down to EGRET’s flux limit. Transient sources within
the Milky Way are poorly understood, and may represent interactions of individual
pulsars or neutron star binaries with the ambient interstellar medium. Some of the
unidentified EGRET sources may be associated with recently discovered Galactic mi-
croquasars. GLAST will be able to explore these source classes in detail.
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Fig. 2.7: Distributions of the sources detected by EGRET.
Fig. 2.8: Illustration of the comparison between the EGRET error boxes and those for the LAT
2.2.5 Pulsars
The first astronomical sources detected at gamma ray energies were pulsars. These ob-
jects, which are rotating, magnetized neutron stars, remain some of the best laboratories
for studying extreme physical conditions of gravitational and magnetic fields, as well as
efficient acceleration of particles to very high energies. Pulsar studies are now done
across the entire electromagnetic spectrum. Every band contributes to the understand-
ing of these fascinating objects, but the gamma ray band is uniquely important for the
discovery of the basic workings of the pulsar phenomena.
Since the launch of EGRET the number of known gamma ray pulsars has increased
from two to seven. The amount of data that has been studied from these observations
has provided some clues to the origin of the gamma ray emission from these objects,
mainly the polar cap and the outer gap models [26]. Thanks to its large effective area and
the excellent resolution of the calorimeter, GLAST is expected to discover potentially
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250 or more gamma-ray pulsars, and provide conclusive spectral measurements that
will distinguish between the two primary models proposed to explain the gamma ray
generation.
2.2.6 Cosmic Rays and Interstellar Emission
Cosmic rays, relativistic charged particles from space, have been studied since early
in the twentieth century. Even so, the question of the origin of cosmic ray (CR) nu-
clei remains only partially answered, with widely accepted theoretical expectations but
incomplete observational confirmation. Theoretical models and indirect observations
support the idea that CR are produced in the Galaxy by Supernovae Remnants (SNR).
The main mechanism which is believed to be at the base of the CR production is the
shock acceleration, happening when the Supernovae shell shocks with the Inter Stellar
Medium (ISM). After the accelerated CRs escape from SNRs, they are trapped by the
Galactic magnetic fields. Due to magnetic deviation of the charged particles, there is
no way to directly observe the sites of their production. Since Cosmic rays interact
with the interstellar gas and photons, they in turn produce gamma rays (for example,
via Bremsstrahlung, or pi0 decay, or via Compton Scattering) that are not deviated by
the galactic magnetic field, and therefore provide the possibility for a direct observation
of the accelerator sites. GLAST will spatially resolve remnants and precisely measure
their spectra, and may determine whether supernova remnants are sources of cosmic-ray
nuclei. In addition, through observations of diffuse gamma-ray emission produced by
interactions of CRs with interstellar gas and photons, GLAST will also be a powerful
instrument for the study of the distribution of the CRs within the Milky Way and in
external galaxies.
2.3 Collaboration with ground based telescopes
High energy gamma rays can also be detected from ground based telescopes by observing
the Cherenkov radiation. Cherenkov radiation arises when a charged particle in a mate-
Fig. 2.9: Illustration of how the Cherenkov telescopes observe the gamma rays from the ground.
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rial medium moves faster than the speed of light in that same medium. When this occurs
an electromagnetic shock wave is created and the coherent wavefront formed is roughly
conical in shape and is emitted in a well defined angle. The numerous secondary charged
particles in the electromagnetic shower (for an incident gamma) are almost exclusively
electrons and positrons, that radiate low energy (visible and ultraviolet) photons. Most
of the shower development happens at an altitude above sea level from 20 to below 10
km. The showering process and the generation of Cherenkov light in a cone have two
immediate experimental consequences: the light is spread over a large area, typically a
circle with a diameter of 250 m (hence the intensity per unit area on the ground is low).
This allows detection of a gamma impinging anywhere inside this disk (i.e an effective
area of 30 to 100 000 m2, as long as the initial energy is high enough to produce enough
Cherenkov light). Conversely, the signals are weak so the instrumental sensitivity must
be pushed as far as possible, for example the mirror surface must be maximized, the
camera elements must respond to single photons with high efficiency, the IACTs can be
installed on mountain tops far from background light with as little observation time lost
due to clouds as possible and the IACTs can be placed in a stereoscopic configuration.
Compared to single IACTs, stereoscopic IACTs systems provide superior angular reso-
lution, energy resolution and background rejection. In fact, such a configuration of the
telescopes (see figure 2.10 panel b) would guarantee that the most luminous region of
the air shower is optimally viewed by all telescopes simultaneously.
Fig. 2.10: Illustration of the geometry with parallel (a) and canted (b) telescopes. The dashed
lines show the optical axes of the telescopes and the ”active area” indicates where the
shower maximum can be observed in both telescopes. Most of the next generation
IACTs will be able to operate in stereoscopic mode.
Gammas of high energies that can be recorded by IACTs are relatively rare events.
They have to be discriminated against a cosmic ray background several orders of mag-
nitude more abundant. Simulations of air showers show that the light collected from
gamma ray primaries differs from that produced by cosmic ray primaries in a few fun-
damental ways; the Cherenkov light collected from a gamma ray shower has a small
angular distribution and tends to have an ellipsoidal shape which aligns itself with the
direction of the incoming photon. Cosmic ray induced showers, on the other hand, have
Cherenkov light images which are much broader and less well aligned with the arrival
direction (see figures 2.11 and 2.12). Therefore by taking advantage of these differ-
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ences in showers, the IACTs are able to distinguish between gamma induced Cherenkov
radiation and cosmic ray induced showers.
Fig. 2.11: Particles in an air shower are much more widely distributed for proton versus gamma-
ray showers.
The advantage of the Imaging Atmospheric Cherenkov Telescopes (IACT) is that
they have a very large collection areas as mentioned above the collection area of the
IACTs is not the size of the mirror but the size of the light cone produced by the
Cherenkov light, thus roughly of the order of 30 to 100 000 m2), excellent angular
resolution (approximately <5 arcminutes), wide energy ranges (high energy, for example
from 100s GeV to TeV) and very good energy resolution (of the order of 10-15%). Yet
the disadvantage of these telescopes is that they have low duty cycles2(10 %), small
fields of view (< 5◦) and energy resolution which is model dependent.
Fig. 2.12: Differences in the gamma induced and cosmic ray induced showers as seen by the
detector.
2 The reason why the IACTs have low duty cycles is because the observing time is strongly dependent
on weather conditions. For example, the relative humidity of the air must be lower than 80%, the wind
speed must be lower than 10 m/s, the minimum angular distance from the Moon must be 30◦ and the
sun must be below astronomical horizon.
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Fig. 2.13: Different sensitivity curves and energy range for planned ACT and space telescopes.
The sensitivity are computed considering the effective area of the various experiments
and the observational time (50 hours), requiring a significance of at least 5 σ above
the background level. The crab flux (dashed line) is also represented on the plot for
direct comparison [16, 17].
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GLAST, on the other hand, has a very large field of view (>2 sr), a wide energy
range (lower energy, 20 MeV - 300 GeV), an excellent energy resolution (<10%, which
is not model dependent) and approximately 100% duty cycle. GLAST will monitor the
whole sky on timescales of hours and will provide alerts to IACTs when flaring AGNs
or GRB explosions are detected. Some of the next generation Cherenkov telescopes will
have sensitivities extending down to 50 GeV and below and will be able to reposition
the telescopes to anywhere on the observable sky in no more than 20 seconds. With all
of these factors in mind, it becomes clear that GLAST will be complementary to the
IACTs.
2.3.1 Cross Calibration
The EGRET energy range (20 MeV to 30 GeV) ended an order of magnitude below
threshold of previous Cherenkov telescope thresholds (low threshold of around 100s GeV)
therefore cross calibration was not possible. Thanks to the fact that the next generation
IACTs will be able to lower their energy thresholds, the observational window between
these ground based telescopes and GLAST will overlap. The importance of such an
overlap is that the possibility for cross calibration of the IACTs becomes a reality3.
The IACTs are limited in the absolute energy scale determination of events because
they rely on models of atmospheric interactions of hadrons and electrons, the light yield
is dependent on atmospheric conditions (relative humidity, wind speed, etc.) and the
background is large and variable. GLAST on the contrary will be calibrated in a well
controlled laboratory environment using test beams of electrons and gammas, and a
relative uncertainty of the order of 10% or better is expected [28]. Therefore by using
GLAST observations of a standard gamma source, for example the Crab Nebula, it
is in principle possible to calibrate the IACTs. The Crab Nebula is a bright, steady
Fig. 2.14: The Crab nebula spectrum.
and extensively studied and modeled source. It is imperative that the sources used for
the cross calibration have these qualities because of the differences in the detectors; for
3 in order to really compare results obtained from the IACTs and space based telescope of the same
source it is absolutely necessary to have the cross calibration, otherwise the results many not be reliable.
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example, the source must be non variable due to the fact that the IACTs observe for
hours at a time and the LAT on the other hand collects over years, so the source flux
must be stable otherwise the data is not reliable over time. The source must be bright
because it is necessary to gather enough statistics for both the LAT and the IACTs to
get a reliable spectrum, and the fact that the source has been extensively studied and
modeled also provides for dependable data. There is also a bonus in the spectrum of
the Crab Nebula, mainly there is a break in the spectrum in the overlap energy region
(see figures 2.14 and 2.16). The reason why the break in the energy spectrum is useful
is because it allows to match the energy break in the spectrum as seen by GLAST with
respect to those seen by the IACTs and effectively reduce the absolute energy calibration
uncertainty to <10%. The Crab Nebula is a good candidate for cross calibration also
because IACTs such as MAGIC, will be observing the Crab quite intensively. While
Fig. 2.15: Full instrument response functions of the GLAST LAT compared to that of EGRET
[28].
during the first year of operation GLAST will observe the sky in survey mode therefore
a uniform exposure of 90% level can be conservatively assumed[28]. Since the field of
view is of the order of 2.4 sr, this corresponds to 1/5 of the full sky, so GLAST will
observe the Crab Nebula for 1/5 of a year (thus quite a large amount of data on the
Crab will be collected).
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The spectrum of the Crab in the overlap region is poorly known, thus such a study
of the break region would also be of scientific importance for the Crab acceleration
models4. The Crab spectrum can be parameterized as a two slope spectrum:
Fig. 2.16: A closeup of current measurements of the Crab gamma spectrum (the energy break
region).
• Spectral index = 2.0 for E < Ebrk
• Spectral index = 2.7 for E > Ebrk
The value of the Ebrk is approximately 100 GeV and depends on the model assumed,
which can be seen in figure 2.16 (models are based on the magnetic field in the Inverse
Compton scenario in the region of the energy break in the spectrum). The position of
this spectral break (around 100 GeV) is well within the energy range of both GLAST
and the ground based telescopes, and therefore can be used to calibrate IACTs (such as
MAGIC) with energy thresholds of the order of 50 GeV .
4 Synchrotron emission from the Crab covers a remarkably broad range terminating at about 108eV,
where a new component attributed to inverse Compton scattering begins. The TeV spectrum is sensitive
to the primary electron spectrum, the nebular magnetic field and spatial distribution of electrons and
magnetic field within the nebula [29].
3. THE LARGE AREA TELESCOPE
The Large Area Telescope (LAT) is the main instrument onboard GLAST. It is a gamma
ray telescope based on the pair production effect, which is the primary process of photons
in the energy range of 20 MeV to 300 GeV. The LAT is modular in its structure, consist-
ing of a 4 × 4 array of identical towers. Each tower consists of a tracker, calorimeter and
data acquisition module. The Tracker (TKR) includes 18 xy layers of high resolution
silicon strip detectors. The Calorimeter(CAL) contains eight layers of 12 CsI bars in a
hodoscopic arrangement, for a total thickness of 8.5 radiation lengths.
The pair production effect is suitable for detecting gamma rays for two reasons: (1)
it supplies an excellent way to distinguish gamma rays from charged cosmic rays, and
(2) allows for the direction and energy of the particle in question to be reconstructed.
How the LAT takes advantage of this process is illustrated in figure 3.1.
Fig. 3.1: Basic principle of a pair conversion telescope.
As the incident radiation passes through the instrument it will first encounter an
anticoincidence shield, which is sensitive to charged particles. Second, the radiation will
pass through thin layers of conversion foils (made of high Z material) and thus converting
the photon into the electron positron pair. Once the conversion has occurred, the
trajectories are detected and measured via particle tracking detectors and their energy
measured by a calorimeter. Therefore, the detection of a gamma ray with the LAT
will be confirmed if the following signature is observed: no signal in the anticoincidence
shield, more than one track starting from the same location in the tracker 1, and lastly an
1 There are cases where the electron positron pair can be asymmetric in energy and therefore only
one track may actually be observed in the tracker, there is also the case of a very high energy gamma
that produces pairs whose tracks are not separated enough to be distinguishable.
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electromagnetic shower in the calorimeter 2. Background rejection will be accomplished
by the anticoincidence shield, which will reduce the average trigger rate from a few kHz
to a few Hz (the expected gamma ray trigger rate).
In this section a detailed description of the instrumentation and electronics system
of the LAT components will be discussed, with an emphasis on the Tracker.
3.0.2 The Tracker
As stated before, the GLAST Tracker is modular in its structure, consisting of 16 towers
each one with 36 cm × 36 cm active cross area. Each tower has 19 trays (which are
the mechanical frame for the tower module) that are enclosed within 4 carbon fiber
sidewalls. The tray is essentially the backbone of the tower module, it is therefore very
important to take into consideration the mechanical and dynamical strength, as well
as cost and availability. The bare panel of the tray consists of a aluminum honeycomb
structure, two carbon fiber face sheets and four carbon-carbon closeouts. The face sheet
closes the honeycomb core in the closeout frame to provide a complete structural unit
and the carbon-carbon closeouts serve as the structural and thermal frame of the tray
panel, and on each face is a kapton bias circuit which provides the high voltage to the
silicon detectors. In order to help minimize the number of readout channels and the
fraction of inactive area, the silicon strip detectors (SSD) are glued edge to edge and
wire bonded in groups of four, forming a unique detector called a ladder. The ladders
are then glued parallel to each other in groups of four to the top and bottom faces of
the tray with the exception of the top and bottom trays.
It is important to emphasize that in the case of the Tracker, there are two contrasting
ideas. That is, the objective is to convert a passing gamma ray and detect the paths of
the resulting electron positron pair. Therefore, in order to convert the photon, it must
interact with a high Z material of a given thickness. Yet to trace the resulting paths, the
thickness of the material which the particle passes through, must be as thin as possible.
As a solution, the Tracker has tungsten conversion foils placed on the bottom face of the
tray, between the carbon structure and the bias plane, and places varying thicknesses of
these foils at different positions of the tower. More precisely, out of the 19 trays which
constitute the tower, the first 12 contain 3 % radiation length conversion foils, the next
four 4 trays have the thickest foils, with 18 % radiation conversion foils, and the last
3 trays (the closest to the calorimeter) have no conversion foil at all. The reasoning
behind this choice is that the triggering for the tracker is based on the so called three in
a row (that is if six consecutive silicon layers are fired), so if a particle has not converted
by the time that it reaches the last three layers of the tracker it is of no use (in the
trigger sense) that it convert before it enters the calorimeter. Another reason why there
are no conversion foils in the last three layers is to avoid excessive multiple scattering.
Each tray is rotated 90◦ with respect to the previous one so that each tungsten foil is
followed by an xy detection plane. All the trays are mechanically identical, except for
the top and bottom tray, which have SSDs only on one side. The bottom trays contain
the support mechanisms to anchor the Tracker to the rest of the LAT. The structural
layout of a tower is illustrated in figure 3.2.
The mechanical design constraints of the tracker were driven by the desire to min-
imize the dead space between tracker tower modules, in fact in the final design the
distance from detector edge in one module to the detector edge ion the adjacent mod-
ule is only 15.9 mm. This includes the 2.5 mm gap between modules and the 1.5 mm
2 In the case of a low energy photon, it is possible that the track be observed in the tracker but that
the pair never reaches the calorimeter, thus not producing an electromagnetic shower
3. The Large Area Telescope 23
Fig. 3.2: Layout of a tower and its components
thickness of each of the two carbon- composite sidewalls. The space in that dimension
allocated to each electronics module is only 4.2 mm, therefore the the readout electronics
are mounted at a right angle to the SSDs. Communication between the readout electron-
ics for each tray is provided by two flex cables per tower side. The data are digitized
and zero-suppressed by the Tracker readout electronics. The data for each detection
plane contains the identifiers of the hit strips and the Time Over Threshold (TOT) of
the layer logical OR. The Tracker as a whole will contain about 10500 silicon sensors
(over 83 m2 of covered surface) for a total number of electronics channels approaching
one million.
3.0.3 The Anti-Coincidence Detector
The Anti-Coincidence Detector (ACD) for the LAT consists of 89 independent plastic
scintillator tiles for a total surface of 8.6 m2 [18]. Each tile is read by means of two
Wavelength-Shifting Fibers (WSFs), interleaved in it by two Photo-Multipliers Tubes
(PMTs). This subsystem is dedicated to the discrimination of the charged particles
which pass through the LAT. A novelty with respect to the past missions, is that the
ACD for the LAT is segmented as opposed to a uniform block of scintillators. The
advantage of this choice resides in the reduction of the accidental coincidences or selfveto
which can cause false signals. These events are caused when the electromagnetic shower
produced by a gamma ray interacts within the ACD simulating the passage of a cosmic
ray. The most common case is that of the backsplash effect.
In the LAT the selfveto effect is reduced by using the information gathered by the
ACD to determine the direction from which the particle originated and the specific tile
which the particle passed through. In doing this, the ACD system is used only as a
second level trigger as opposed the primary trigger. The required performance for the
ACD is an efficiency of < 0.9997% on the entire area of the ACD and ≤ 20% of the
events at 300 GeV to be self-vetoed by backsplash.
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Fig. 3.3: The ACD prior to integration with the LAT, the individual scintillator tiles are clearly
visible.
3.0.4 The Calorimeter
The calorimeter subsystem is also modular in structure, in that there are 16 calorimeters
for the full LAT, one per tracker tower. As the energy resolution strongly depends on
depth, sampling and longitudinal segmentation, each CAL module is finely segmented
both in depth and lateral directions. Each calorimeter module contains 96 crystals of
size 27 × 20 × 326 mm3, they are individually wrapped for optical isolation, and are
arranged horizontally in 8 layers of 12 crystals each. Alternating layers are rotated 90◦
with respect to each other in order to supply information for both the x and y axes. The
calorimeter is segmented transversely in order to provide information about the direction
of the particle as well as the energy deposited and therefore allowing to correlate the
events in the tracker with the energy depositions in the calorimeter and derive loose
(at the level of few degrees) directional information for those photons not converting
in the tracker. The longitudinal segmentation on the other hand provides information
about the identity of the particle based on the shape of the shower produced. This
segmentation allows a full 3D reconstruction of the showers and the subsequent leakage
correction which highly enhances the response at high energy (up a few hundreds of
GeV) with respect to EGRET.
The crystals are readout by two PIN photodiodes composed of a preamplifier which
feeds two shaping amplifiers. The photodiodes are located on both ends of the crystals,
such positioning provides for redundancy as well as the possibility to measure the posi-
tion of the deposited energy. Discriminators divide the energy domain into four energy
ranges and a third faster shaping amplifier with peaking at 0.5µs which is used for fast
trigger discrimination. The calorimeter has a large dynamic range (5 × 105) with a
minimal dead time of less than 20µs per event.
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Fig. 3.4: Schematic view of the GLAST imaging calorimeter.
3.0.5 The Trigger System
The past missions made use of the spark chamber and utilized a set of plastic scintillators
as an external triggering system. This triggering system used the Time of Flight (TOF)
for background rejection. GLAST on the other hand uses silicon detectors which are
intrinsically very fast and can be operated in self triggering mode. These features coupled
with a modern and flexible data processing unit, allow to include the charged particles
(i.e. cosmic rays) into the L1 trigger and to give up on the time of flight triggering
system. The removal of the TOF sets a new standard for gamma ray astronomy, where
the past mission were obligated to first identify the particle and then trigger the readout
system, due to the large amount of dead time of the detector, the LAT first triggers on
all the events and then discriminates between the charged particles and the true event
during the L2 trigger. This change also allows to design the tracker with a much flatter
profile with respect to the previous EGRET mission therefore greatly improving the
field of view.
As mentioned above the L1 trigger is a hardware trigger and is based on special
combinations of signals received from each of the detector subsystems. Namely the
so called three in a row from the tracker (six consecutive layers fired), CAL LO and
CAL HI (which occur when a shower is detected in the calorimeter). The primary
purpose of the L1T is to trigger the acquisition of event data and initiate readout. The
expected average L1T rate is about 5 kHz, to be compared with a few Hz representing
the expected gamma trigger rate. The second level of trigger (L2T) is again a tower-
based trigger, going on in parallel for all towers. It exploits a fast track finding algorithm
and extrapolates track candidates to the ACD tiles, searching for vetoes. The L2T is
expected to reduce the rate from the L1T to approximately 1 kHz on average. The L3
trigger further discriminates (using a more sophisticated track reconstruction algorithm
found onboard) between the true events and the charged particles. The L3 trigger rate
is expected to be of the order of 25-30 Hz, where roughly 15 Hz should be due to cosmic
ray background.
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Fig. 3.5: General layout for the Trigger system of the LAT .
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3.1 The Tracker Electronics System
In this section a full description of the Tracker electronics system is presented, including
the conceptual design for the electronics and their functionalities from the front end
system to the tower electronic module. The trigger and calibration systems are also
discussed as well as their readout sequences.
3.1.1 The Overall Design
The single Tracker (TKR) tower consists of 36 detection planes (18 X-Y planes), in-
cluding 1536 silicon strips each readout and controlled by a Tower Electronics Module
(TEM). The 36 detection planes are divided in 18 X-layers and 18 Y-layers, which are
further divided into 9 even layers and 9 odd layers. Each individual layer is read out
by a Tracker Multi Chip Module (TMCM) often called simply MCM, which includes 24
GLAST Tracker Front End (GTFE) and 2 GLAST Tracker Readout Controller (GTRC).
TEM
9 Even X layers















Fig. 3.6: Organization of the tracker electronics system within a GLAST tower.
Each GTFE provides amplification and discrimination for 64 silicon strip channels
as well as the internal discrimination system. The 2 GTRCs (which are located one on
the left hand side and one on the right hand side of the MCM) provide for the interface
between the GTFE electronics and the TEM. Each GTRC can command and readout
all 24 GTFEs on a given MCM, although it normally only addresses 12 GTFE closest
to its side. The left and right hand side notation becomes ambiguous when referring to
the tower level as opposed to the MCM level, thus to avoid confusion the notation ’high’
and ’low’ side is introduced. The low side of the MCM is where the strip 0 is located,
and the high side is where strip 1536 is located.
The 36 planes are connected to the TEM by two flex cables, which allow full redun-
dancy at the tower level. The flex cables provide communication between the TEM and
each level of the tower. Each command which is sent by the TEM to an individual MCM
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is formed by one start bit, 10 address bits (which identify one GTRC and one GTFE),
5 bits of command, one bit for parity and some additional bits for event data. When
the trigger system identifies an event, a trigger acknowledge (TACK) signal is generated
and is sent to every GTFE. When the TACK signal is received all information on the
event is sent to the buffer of the GTFE. The read out takes place in two phases, namely
the READ EVENT and TOKEN commands. The READ EVENT command zero sup-
presses the data from one of the four buffers of all the GTFEs and stores them in one
of the two event buffers found in the GTRC. Next, the TOKEN command (issued by
the TEM) is sent to GTRC 0, which sends the data to the TEM, and then forwards
the TOKEN command to the GTRC 1. This process works its way up to GTRC 8 and
thus sending all information on the event to the TEM. The data consists in the layer in
which the event was detected, the number of hits followed by the strip numbers and the
Time Over Threshold (TOT) value.
3.1.2 The Tower Electronics Module
The Tower Electronics Module (TEM) controls all the commanding and data acquisition
at the tower level, it also serves as an interface to the control system of the LAT. It
consists of a Circuit Card Assembly (CCA) mounted inside an aluminum enclosure. The
cables for intercommunication to the Global Trigger Anticoincidence module Spacecraft
interface Unit (GASU) and the subdetectors (Tracker and Calorimeter) are located
along the perimeter of the box. Immediately below the TEM is the Power Supply which
provides for the power to all the subsystems of the tower.
The GLAST TEM Interface Unit (GTIU) is the central logic unit of the TEM and
manages the interface with the external electronics (GASU) as well as the subsystems
(TKR, CAL). The subsystems are controlled via 8 GLAST Tracker Cable Controllers
(GTCC) ASICs (one per cable) and 4 GLAST Calorimeter Cable Controllers (GCCC)
ASICs (again, one per cable). The TEM communicates with the Calorimeter and Tracker
electronics for commanding, event building, trigger processing and power distribution.
The first level trigger is controlled by the GLAST Trigger Interface Controller (GTIC)
which gathers the signals from the subsystems to form the trigger primitive directed
towards the GASU.
3.1.3 The Tracker Multi Chip Module
The Tracker Multi Chip Module (TMCM) is a multi-layer printed wire board which
provides (through a couple of kapton flex cables) the interface between the tracker
SSDs and the TEM. The MCM includes 24 GTFEs and two GTRCs (which insure two
independent control/read out paths for redundancy). Each front end chip controls 64
channels, giving a total of 1536 channels per layer. The SSDs are connected to the MCM
through a 90◦ pitch adapter wire bounded to the SSDs themselves.
The MCM is also connected to bias circuit (that is found underneath the SSDs)
which distributes the analog ground and the bias voltage to the detectors. Each ladder
is independently biased by the MCM such that any failure on a ladder does not have an
effect on the neighboring ladder. In the case that one of the ladders fails, the current
drawn is limited by the 270KΩ resistor [6], which can be seen in figure 3.8.
3.1.4 The GLAST Tracker Readout Controller (GTRC)
The GTRC is responsible for the communication between the tracker front end elec-
tronics and the TEM. It receives and transmits commands to the GTFEs, collects the
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Fig. 3.7: Block diagram of Tracker Multi Chip Module (TMCM).









Ladder 1 Ladder 2 Ladder 3 Ladder 4
270 K
Bias voltage (from PSA)
Fig. 3.8: MCM biasing network for one detection layer; the high voltage, provided by the PSA,
is independently filtered for each ladder by the lowpass RC filter.
trigger signals from the GTFEs and sends them the TEM.
When a READ EVENT command is received, the GTRC stores into one of its two
buffers the zero-suppressed event data from all the GTFEs it controls. The maximum
number of hits per event which can be stored in the buffer is 63. The content of the
buffer is sent to the TEM in series when a TOKEN signal is received. At this point the
data in the buffer of the GTRC 0 is sent to the TEM and the TOKEN signal is sent to
the GTRC 1, which in turn empties its buffer and so on, up to GTRC 8.
The GTRC is also responsible for measuring the Time Over Threshold (TOT), which
is a 10 bit counter clocking at 50 ns. The counter starts when a TACK signal is received
and stops when the FAST-OR falls down or in case of overflow (which happens at 1000
DAC counts, giving a full scale TOT of 50 µm).
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3.1.5 The GLAST Tracker Front End (GTFE)
The GTFE controls 64 silicon strips from the SSDs. Its functions include amplification,
shaping and discrimination of the analog signals coming from the detector, channels
masking for trigger and data, trigger generation, data read out and buffering as well as
calibration by means of an internal charge injection system. The signal from each strip is
converted to a voltage signal via a charge sensitive amplifier whose gain is determined by
the 0.13 pF feedback capacitor which provides 37 mV for a Minimum Ionizing Particle
(MIP) that crosses 400 µm of silicon [5]. The preamplifier is AC coupled to the shaping

















Fig. 3.9: Schematic layout of a single channel of the GTFE, including the preamplifier, the
shaper, the discriminator, the calibration system and the mask registers.
The threshold of all 64 discriminators is set at the chip level and is controlled by a
single register (DAC register) which also includes the calibration system settings. The
output of the discriminators are used for two purposes:
• Each channel is discriminated and ANDed with one bit of the TRIGGER MASK
register and then ORed together with all the other channels of the chip. These
bits are then further joined with the corresponding logical OR for all the other
GTFEs, forming the layer FAST OR. Which basically composes the trigger signal
at the layer level.
• Each channel is discriminated and ANDed with one bit of the DATA MASK reg-
ister to form the EVENT DATA. If the Level 1 Trigger is received before the
shaper output drops below threshold, then the signal is stored in one of the four
GTFE event buffers. All 64 EVENT DATA are ORed together into one signal,
namely the HIT BIT. This signal is written into the event buffer along with the
EVENT DATA. The HIT BIT is used during readout to check whether any chan-
nels have been hit, allowing for a faster readout sequence.
At the output of the discriminator, each channel can be separately masked to the
trigger and to the data. This allows to prevent a noisy strip from contributing to the
trigger rate or generating useless data volume for the readout. Each analog channel can
be independently calibrated. The internal system generates a voltage step function with
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a duration of 512 clock cycles (approximately 25.6 µs). The CALIBRATION MASK
register allows to select any subset of channels to receive the injected signal and for each
enabled channel a 46 pF capacitor translates the voltage step into an injected charge.
The calibration system can also be used to study the noise and the gain of the channels.
The GTFE uses three separate power supplies:
• A 1.5 V line (AVDDA) for the front end transistor.
• A 2.5 V line (AVDDB) for the rest of the analog circuitry.
• A 2.5 V line (DVDD) for all the digital circuitry
3.1.6 The noise analysis for the GLAST front-end electronics
The equivalent circuit for the noise analysis of a typical detector front end electronics
chain, including both current and voltage noise sources, is shown in figure 3.10. The
Fig. 3.10: Equivalent circuit for noise analysis. Here Cd represents the detector capacitance, Rb
is the bias resistor and Rs represents the sum of all the resistors in series with the
input of the preamplifier. Each of these elements provide a contribution to the overall
noise level, which can be modeled either with a voltage source or a current source.
The electronic noise of the amplifier is completely described by a a voltage source
(ena) and a current source (ina).
detector is represented by a capacitance Cd and the bias voltage is applied through
the resistor Rb, while the sum of all the resistances present in the input signal path
can be modeled as a series resistor Rs. The shot noise induced by the leakage current
of the detector is represented by a current generator (ind), while the thermal noise of
each resistor can be modeled as either a voltage source or a current source. In general
resistors shunting the input are more conveniently modeled as noise current sources (inb)
and resistors in series with the input act as noise voltage sources (ens). The electronic
noise of the amplifier can be completely described in terms of a voltage source (ena) and
a current source (ina)
Shot noise and thermal noise have a white frequency distribution, meaning that the
corresponding spectral power densities are constant [?]:
dPnd
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dPns
df
= e2ns = 4kTRs
where qe is the electron charge, Ileak is the leakage current of the detector, k the Boltz-
mann constant and T the absolute temperature. In addition to that amplifiers tend to







where Af is usually of the order of 10−10 - 10−12 V2.
The total noise at the end of the chain is obtained by adding in quadrature all the
noise contributions (since they are statistically uncorrelated), integrated over the full
bandwidth of the system. Since typically the radiation detectors convert the energy
released by ionizing particles into charge, the noise level is usually expressed in terms of
Equivalent Noise Charge (ENC), which is the defined as the detector signal level which
is necessary for having a signal to noise ratio of one. Referring to figure 3.10 the ENC,




















where Fi, Fv and Fvf are form factors essentially depending on the details of the system’s
impulse response and τ is, in our case, the peaking time of the amplifier. Generally
Fig. 3.11: Typical dependence of the Equivalent Noise Charge on the shaping time.
speaking, the total noise is the results of three different contribution: the first one
increases with the shaping time (current noise), the second decreases with the shaping
time (voltage noise), while the third (1/f contribution) does not depend on τ (figure
3.11).
For a simple CR-RC shaper (which is our case, giving Fi = Fv = F = 0.92) one
obtains:












were the first term incorporates all the noise contributions due to the amplifier and for
the GTFE can be parameterized [?] as:
ENCna(electrons) = 174 + 32 · Cd(pF ) (3.5)
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The average value of Ileak can be estimated by dividing the average leakage current mea-
sured at the ladder level (cfr. table ??) by the total number of strips (384) and rescaling
the result to the the tower operating bias voltage, (which is 100 V while the typical
reference voltage for the ladder electrical tests is 150 V). This last operation essentially
consists into an overall decrease of 15%, roughly (cfr. figure ??). For consistency with
the rest of this section the result should be also corrected for temperature/humidity
effects and rescaled to 300 ◦K, 50% relative humidity (cfr. table ??):
Ileak = 1.68 nA (3.6)
As for the detector capacitance, it is essentially given by two contributions: the capaci-
tance of the strip to the back (Cb) and the capacitance toward the other strips (Ci). The
first term can be estimated by dividing the bulk capacitance by the number of strips
(cfr. figure ??):
Cb = 0.53 pF/cm (3.7)
while the inter-strip capacitance has been measured on a sample of flight sensors:
Ci = 0.62 pF/cm (3.8)
Since these two capacitance are in parallel, they sum up so that the detector capacitance
per unit length turns out to be of the order of 1.15 pF/cm. For a ladder strip (36 cm
long) we have:
Cd = 41 pF (3.9)
Rs is here roughly one third of the Al readout electrode resistance (cfr. ??), due to the
fact that the resistance itself, as well as the detector capacitance, is distributed along
the strip [30]:
Rs = 9 Ω (3.10)
and Rb is the bias resistor (cfr. table ??):
Rb = 41 MΩ (3.11)
By putting into equations 3.4 and 3.5 all the numbers and assuming a peaking time of
1.5 µs (which is the design value) and a temperature of 300 ◦K we can explicitly evaluate
all the contributions (cfr. figure 3.10 and equation 3.4) to the eventual noise level:
ENCna = 1500 e− (3.12)
ENCnd = 170 e−
ENCnb = 150 e−
ENCns = 80 e−









and is essentially determined by the contribution from the amplifier (ENCna), all the
others being, in standard conditions, practically negligible.
For completeness we note that the noise depends on the temperature through the
factor 4kT in ENCnb and ENCns (equation 3.4) and, implicitly, through the value of
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the leakage current appearing in the shot noise spectral power density (which actually
causes a moderate dependence on the relative humidity H, as well):
ENC(T,H) =
√(











where Ileak(T,H) is given by equation 5.8 and, for T0 = 300 ◦K, ENCna, ENCnd,





























Fig. 3.12: Equivalent noise charge for the GTFE single channel as a function of the tempera-
ture. The plot includes all the different contributions (ENCna, ENCnd, ENCnb and
ENCns), as well as the overall noise level (equation 3.13). The temperature change
includes the limits of the thermal-vacuum cycles performed at the tower level, which
will be described in detail in the last chapter.
While the dependence on the temperature of ENCnb and ENCns is only moderate,
so that these contributions remain fairly negligible (at least within a reasonable range),
the leakage current increases exponentially with the temperature and the shot noise
possibly constitutes a significant contribution to the overall noise level at a moderately
high temperature (figure 3.12). In fact equation 3.14 can be conveniently re-written, to
an excellent level of approximation, neglecting the last two terms:
ENC(T,H) =
√(





It is also worth mentioning that the SSD leakage current is going to increase through-
out the mission as a consequence of radiation damage. The irradiation tests performed
on the GLAST silicon sensors indicate a possible increase of the current level by a factor
of 10 after a total dose of 10 krad (the radiation level foreseen for 5 years of operation
of the GLAST satellite is 1 krad [?] and the engineering limit is 5 krad). That would
bring the shot noise contribution to 450 electrons and the total noise level to some 1615
electrons, with an overall increase of 3%.
4. THE DAQ AND ONLINE SOFTWARE
The online framework contains all the software needed for the testing and commanding of
the flight hardware as well as controlling the data acquisition throughout these activities.
Since the Electronic Ground Support Equipment (EGSE) is similar for the most part
to all the subsystems of the LAT, the online group (which is part of the Integration
and Test team, I&T) has created a basic infrastructure for the communication with the
EGSE itself and, eventually, with the flight hardware. Within this infrastructure, each
subsystem team is responsible for the implementation of its own test software. The
software packages for each subsystem is then provided to the I&T team with the final
goal of the development of a software package capable of testing the entire LAT during
integration.
4.1 EGSE
The Electrical Ground Support Equipment (EGSE) is a work station geared for testing
the hardware of a single subsystem. For the testing of the flight hardware (MCMs, trays,
stack and tower) the Engineering Model 2 (EM2) is used. In figure 4.1 is an illustration
of the setup for such a test stand.





























Fig. 4.1: The general layout for an EM2 GLAST test stand used for the testing of the single-node
version of the LAT (TEM or AEM), it includes a power supply, LCB board and VME
processor.
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The test stand includes the following items:
• A module: namely a TEM or an AEM (Anti-Coincidence Electronics Module)along
with the appropriate set of sub system electronics.
• A Power Supply Assembly (PSA) that basically emulates all the functionalities of
the tower’s power supply. It provides both the low voltages (analog and digital)
as well as the high voltages (managed through the TEM) to the tracker and the
calorimeter. It has the same noise requirements and electrical characteristics as
its flight counterpart.
• A 28 V power supply, whose function is to convert the wall power to the voltage
that will be supplied to the LAT by the spacecraft.
• A transition board: it provides an emulation of the functionality normally satisfied
by the Power Distribution Unit (PDU) and the Global trigger ACD Signal dis-
tribution Unit (GASU) for the single-node LAT. This implies that the transition
board generates the 20 MHZ clock system, contains the functionality of the mini-
GLT (GLobal Trigger) and allows the environmental monitoring of the quantities
that will be monitored, in the final system, by the PDU.
• A LCB board (LAT Communication Board) which serves as the FIFO (First In
First Out) for the commanding and for the events.
• A VME embedded processor which is the core of the data acquisition and runs
the real time software. The operative system (VxWorks) and all the low-level
drivers for the hardware (C++ compiled routines) are loaded from the workstation
through an NFS (Network File System) mount point.
4.2 The LAT Test Executive (LATTE)
The LAT Test Executive (LATTE) essentially constitutes an interface between the sub-
systems and the low level drivers running on the embedded processor for the control of
the hardware. For facilitating the testing of the hardware, LATTE contains several ad-
ditional features such as an event display, an integrated data analysis and visualization
package (HippoDraw, an open source SLAC product) and a complete environmental
monitoring system.
The overall design of the LAT as seen via software consists of a hierarchy of electronic
nodes. Starting from the highest level downwards there are 16 TEMs, one AEM and one
GEM (Global Electronics Module). The AEM and the GEM form the so called GASU,
mentioned previously. The principle function of the GEM is to process trigger inputs
from the ACD and the 16 towers. Moving down the TEM hierarchy there are three
main nodes: the calorimeter (GC), the tracker (GT) and the GLAST Trigger Interface
Controller (GTIC). The remaining nodes for the tracker and the calorimeter are rather
similar, that each contain a set of readout controllers and corresponding front ends. The
heart of the LAT test executive is constituted by Run Control, a finite state machine
that describes all the possible states of a particular test (i.e. running, stopped, paused
and reset) and all the possible transitions between the different states. Run Control is
also equipped with a graphical user interface which allows the user to quickly access the
functionalities and conditions (environmental monitoring, power, register browsing, etc)
of the subsystem being tested.












Fig. 4.2: Basic LAT electronics hierarchy, as seen via software. Including one TEM (out of 16
total), the AEM and the GEM.
Fig. 4.3: Main graphical user interface of the RunControl. It allows to load and start/interrupt
any test script and provides access to all the functionalities of the RunControl itself
(environmental monitoring, control over the programmable voltages, browsing of the
registers, etc.).
Due to the fact that the hardware in question is flight hardware, it is imperative that
all the information regarding the tests performed, the test status and the data collected
be maintained in a clear and well organized fashion. In order to keep track of all the
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information regarding the hardware tests, the tracker online team developed a series of
software packages that create the tests reports for every electrical test performed. The
software packages also take care of creating the pertinent plots, recording the hardware
configuration and saving the data, all within the test report. The production work-
flow in the tracker subsystem is monitored in all its phases through a custom electronic
database developed by INFN. This database maintains all the information regarding
the history, status, location and qualification of all the tracker hardware as well as
implementing tray and tower assembly and test procedures defined and controlled at
INFN-Pisa.
Fig. 4.4: A sample screenshot from the tower assembly flow chart. The electronic database
developed by INFN essentially tracks the status and location of all the tracker hardware
components, as well as the history and results of the qualification tests performed on
the hardware itself.
The tracker online team at INFN Pisa also developed an electronic logbook within the
database. This logbook guides the operator through the test sequences and imports the
test reports to the construction database. This electronic notebook was also distributed
to other INFN sections involved in the tracker construction as well as the industrial
partners involved, therefore allowing to gather the information on the testing of the
hardware at every step of the construction.
Lastly, within the database is a separate module, dedicated to the quality control,
that handles all the non conformances reports (NCR) encountered during the assembly
and testing. Every NCR contains a detailed description of the non conformance, the
history of the hardware and the actions taken. Such an NCR management system
efficiently helps in tracking and addressing anomalies found during construction. Most
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Fig. 4.5: A sample screenshot of the electronic logbook used throughout the tracker electrical
tests performed at all the levels of the construction. This module guides the operator
through the test sequence and allows to import into the construction database the test
reports generated by the online software.
of the information included in the database is accessible from the web in nearly real
time.
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4.3 The off line software
The off line software package includes reconstruction software and a detailed Monte Carlo
simulation of the detector. The development of such a package is essential not only for
the development and design of the instrument, but also in order to fully understand the
LAT and its performance. In this section a brief description of the off line framework is
presented.
4.3.1 Gleam: the simulation and off line analysis framework
Gleam (GLAST LAT Event Analysis Machine) is a C++ framework developed by the
GLAST collaboration which provides a detailed simulation of the full LAT instrument.
The simulation provided by GLEAM allows to construct the response function of the
instrument, to evaluate the background in orbit and to tune the analysis algorithms and
strategies. Figure 4.6 shows the basic structure of the Gleam package. The outcome
Fig. 4.6: Conceptual design of Gleam, the GLAST simulation and reconstruction off line software
framework.
of the simulation is in the same format as the real data, so that both are processed
exactly in the same way by the reconstruction package. The source generation algorithm
is intended to “produce” particles according to certain characteristics specified by the
user. Once this information has been implemented, the algorithm stores the information
on the temporal and spectral behavior of the source (as well as the GLAST orbital
parameters) and it is responsible for the generation of particle energy, direction, type
and time. Within this package a series of default sources are implemented, including
the cosmic rays flux at the sea level, which is used to validate the data collected with
the tower.
The digitization package is used to convert the output of the simulation into the raw
data, as would be read out from the LAT (including all the subsystems) in real operation.
In particular, the (simulated) data from the tracker, has all the main physical processes
which occur when an ionizing particle crosses a silicon detector, including the creation of
electron-hole pairs and the propagation toward the electrodes taken into account. Then
the current pulse is converted into a voltage signal according to the transfer function
of the read out electronics and the fired strips and the TOT are eventually determined
by setting a threshold on the signal itself (the noise due to the detector and the front
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end electronics are also included in the simulation). Finally, the reconstruction package
takes care of reconstructing the tracks starting from the hit strips in the tracker. This
Fig. 4.7: Photon track reconstructed in the GLAST LAT. In particular the photon is a simulated
100 MeV gamma.
is done by a series of algorithms which act in successive steps: starting from the output
of the digitization, then generating the clusters that are used to find and fit the track
candidates (by making use of pattern recognition methods and a Kalman filter based
algorithm), and to identify the vertex for gamma events.
5. CONSTRUCTION OF THE TRACKER
The INFN collaboration for GLAST is responsible for most of the activities related to
the construction of the tracker. Namely, the electrical testing of the SSDs and MCMs
as well as the testing and assembly of the ladders, trays and towers. In this chapter a
detailed discussion of the properties and advantages of the silicon detectors is presented;
and the description of the electrical tests performed as well as the procedures followed
for the assembly of the flight hardware.
5.1 Operational principles of the silicon detectors
Silicon strip detectors (SSD) have a long and successful history in high energy particle
accelerator experiments. These detectors have very high position resolution and high
signal to noise. They have self triggering capabilities and allow for fast electrical readout,
as opposed to the spark chambers. For these reasons, the silicon strip detector technology
has been chosen for the LAT.
The wafers which are being used for the tracker are 6 inches in size (making for yet
another improvement on the past 4 inch technology). This increase in size allows for
the reduction of the number of SSD’s needed, and considerable cost and time savings
in the Tracker assembly. Silicon detectors are essentially p-n junction diodes operated
Fig. 5.1: Schematic layout of one corner of the silicon strip detectors used for the LAT. The
dimensions are in µm.
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at reverse bias. The formation of a junction between a p-doped and a n-doped semi-
conductor material creates a so called depletion region at the interface between the two
materials (figure 5.2): because of the difference in the concentration of electrons and
holes on the two sides of the junction, there is an initial diffusion of holes toward the
n-region and electrons toward the p region, which is eventually stopped by the electric
field established by the charging effect due to the movement of charge. This electric
field produces a difference of potential across the junction (usually of the order of 1 V)
which is known as contact potential. In general, the intrinsic electric field will not be
intense enough to provide efficient charge collection. In order to enlarge the depletion
zone, and thus the sensitive volume for radiation detection, a reverse bias voltage (i.e a
negative voltage to the p side) is applied to the junction. This voltage has the effect of
attracting the holes in the p-region away from the junction and towards the p contact
and similarly for the electrons in the n-region. The width of the depletion region as a








where  is the dielectric constant of the silicon, V0 is the contact potential, e is the
electron charge and N the concentration of the dopant. Any electron or hole created
within the region of changing potential will be swept out by the electric field and in fact
any ionizing radiation crossing the depletion zone actually produces electron-hole pairs
which can be collected, in form of a current pulse, by means of electrical contacts placed
on both sides of the junction.
Fig. 5.2: Schematic diagram of a n-p junction (a), electric field (b) and electrostatic potential
(c) within the depletion region.
One of the primary advantages of semiconductor detectors over other typologies of
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sensors is the small average energy needed to create an electron-hole pair typically few
eV, which is roughly an order of magnitude less than what is usually required in a gas
ionization detector. Therefore for the same released energy the SSDs (with respect to
the gas ionization detectors) have a significant increase in terms of density of charge
carriers created, which allows to reduce the detector thickness and the intrinsic time
constant of the signal development.
5.2 Silicon Strip Detectors (SSD)
The sensors used for the GLAST Tracker are single sided, AC coupled, with a total
dimension of 8.95cm × 8.95 cm. They have an n type substrate with high resistivity
( > 5kΩ · cm) and a thickness of 400µm. Each detector has 384 p+ strips that are 56
µm wide, with 228 µm distance between each strip. Each strip has two AC pads for
wire bonding and one DC pad (contacting the implant) for testing purposes. The choice
in thickness of the substrate results from the compromise between the required high
signal to noise and vertexing capabilities, low multiple scattering and low bias voltage.
The 228 µm strip pitch was chosen as an ideal comprise between tracking resolution,
power consumption, reliability and the reduction of the necessary electronics read out
channels.
The production of the 11500 SSDs silicon sensors (roughly corresponding to 80 m2
of silicon) has been completed and received from the Hamamatsu Photonics. To date
this makes for the largest gathered silicon strip detector surface. The testing of the
SSDs has been concluded at the INFN sites, and the construction of ladders and trays
has been successfully completed. Prior to sending the SSDs to the INFN laboratories,
they are tested (by the manufacturer) for the number of defective channels and types
of defects, the average values of bias polysilicon, strip decoupling capacitance and Al
resistance from one sample detector batch. Upon arrival from the manufacturer, the
wafers are tested for the total leakage current and bulk capacitance as a function of
the bias voltage. The classification of the bad channels is roughly divided into three
large categories: bad implant and/or bias resistor (including open or shorted implant
strips and disconnected bias resistors), short-circuited AC coupling capacitor and bad
Al readout electrode (including open and shorted electrodes). According to the tests
performed by the manufacturer on the entire production (table 5.1), the overall rate of
bad channels is less than 0.01%, which is more than an order of magnitude lower than
the specifications.
SSD bad channels statistics
Typology Number of defective channels Fraction
Bad implant/bad bias resistor 251 5.7 · 10−5
Bad AC coupling capacitor 142 3.2 · 10−5
Bad readout electrode 43 1.0 · 10−5
Total 436 9.9 · 10−5
Tab. 5.1: SSD strip defects analysis as provided by the manufacturer. A total of 436 bad strips
out of more than 4.4 million (' 0.01%, which is a factor of 50 lower than the specifica-
tion) has been found. The number of detectors presenting some kind of defect at the
strip level, according to the tests performed by HPK, is 287 out of 11500, corresponding
to about 2.5% of the total.
Due to the uniformity and high quality of the production, the single strip tests are
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not repeated at the level of the SSDs acceptance test. The acceptance test are based
upon the current measurements and bulk capacitance scans which serve as a verification
that no damage has occurred during packing and shipping of the wafers.
5.2.1 Electrical tests
As mentioned above, the acceptance test performed on the wafers check for the total
leakage current (I-V scan) and the bulk capacitance (C-V scan) as a function of the
bias voltage for each detector. In both measurements the strips are grounded while
the backplane is connected to a variable positive voltage (0-200 V). The specification
at the wafer level requires an average leakage current lower than 200 nA at 150 V and
a maximum allowed value of 500 nA. For power consumption and noise reduction, a
low full depletion voltage (< 120 V ) is required, and the breakdown voltage (seen as
a change of slope in the I-V curve) should be higher than 175V. In addition to the I-V
and C-V scans, the wafers are also visually inspected for damaged corners and edges as
well as the identification number printed on the wafer itself.
Fig. 5.3: Detail of the automatic probe station (right panel) used for the acceptance tests of
the SSDs. The probe station is housed into a light-tight box (left panel) and the
voltage scan and data collection for both measurements are automatically executed by
a LabView program run on a local PC.
5.2.2 Bulk Capacitance Tests
From the C-V scan it is possible to deduce the value of the full depletion voltage. This
scan is performed by varying the bias voltage, in steps of 5 V, from 0V to 200 V. The
bulk capacitance for a parallel plate capacitor is inversely proportional to the width of
the depletion region, therefore from the dependence of the width of the depletion region
as a function of bias voltage (equation 5.1), the bulk capacitance (in the limit Vbias 








In order to illustrate this dependence, the quantity 1/C2bulk is often plotted against
the bias voltage. In plot 5.5, the full depletion voltage is seen as the change in the slope
(the region where equation 5.2 no longer holds). In order to avoid ambiguities while
comparing data, the collaboration has adopted the same conventional definition of the


















Fig. 5.4: Typical C-V scan. As the bias voltage increases, the width of the depletion region
increases as well and, as a consequence, the bulk capacitance decreases until the full
depletion is reached.
depletion voltage as the one used by the manufacturer, thus setting a threshold on the





< 3.9 · 10−3nF−2 (5.3)


















Fig. 5.5: The quantity 1/C2bulk, plotted against the bias voltage. According to 5.2, it increases
linearly until the full depletion is reached (change of slope in the figure); after the wafer
has been completely depleted, the bulk capacitance obviously stops decreasing.
Results from the depletion voltage measurements
Expected Measured
Average value (V) 67.6 ± 0.3 67.8 ± 0.3
RMS (V) 18.1 ± 0.2 19.0 ± 0.2
Tab. 5.2: Results from the measurement of the full depletion voltage, which is part of the stan-
dard acceptance test performed at the level of the single sensors. The measure values
are, on average, in excellent agreement with the ones provided by the manufactures.
The average value for the depletion voltage was found to be around 70 V which is in
agreement with the manufacturers measurements. It is also worth noting the excellent
uniformity (of the order of 5-10%) of the depletion voltage throughout the production.
5.2.3 Leakage Current Tests
A typical I-V scan (see figure 5.7) as measured at the INFN laboratories shows that the
average leakage current is of the order of 100 nA @ 150 V.
The cumulative distribution, over the entire flight production of the SSD leakage cur-
rent @ 150 V is illustrated in plot 5.8. The discrepancies between the two distributions
are to a large extent due to environmental differences between the INFN laboratories
and the manufactures’.
Although a reversed bias diode (such as our SSDs) is ideally nonconducting, a small
fluctuating current (the leakage current) nevertheless flows through semiconductor junc-
tions when voltage is applied. This current appears as noise at the detector output and
sets a limit on the smallest signal pulse height which can be observed. Temperature
has an important effect on the conductivity of the detector. For silicon detectors (such
as those being used for the tracker), increasing the temperature will result in higher
leakage current and therefore greater noise. The increase in leakage current is roughly
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Fig. 5.6: Cumulative distributions, over the entire flight production, of the depletion voltage val-
ues as well as the bulk capacitance values for the SSDs, as provided by the manufacturer
and measured in the INFN laboratories. The two histograms are almost identical.
three-fold for each 10◦C temperature rise [2]. The dependence of the leakage current on
the temperature is reasonably well described by an exponential function:
i(T ) = i(T0)e
T−T0
τ (5.4)
The exponential fit shown in figure 5.9 provides the following value for the characteristic
temperature τ :
τ = 10.8± 0.4 ◦C (5.5)
which is in good agreement with the measurements performed over a much wider tem-
perature range on some pre-production sensors ([1]). As for the humidity, the data are
quite well described by a simple linear behavior, at least in the limits of the uncertainties
associated with the data points:
i(H) = i(H0) [1 + λ(H −H0)] (5.6)

















Fig. 5.7: Typical I-V scan, as measured during the acceptance tests of the silicon wafers. Note
that the leakage current is well below 200 nA at 150 V (which is one of the required
specifications).
Fig. 5.8: Cumulative distribution, over the entire flight production, of the sensor leakage current
@ 150 V (as measured by the manufacturer and as part the electrical test of the
sensors performed @ INFN). The differences between the two distributions are due
to temperature/humidity effects and to the fact that the manufacturer performs the
measurement right after the processing - before the cut of the wafer.
with:
λ = −(3.9± 0.5) · 10−3 (5.7)




) [1 + λ(H −H0)] (5.8)
in which τ and λ are given by 5.5 and 5.7; this expression can then be used to rescale
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the values of the leakage current, (as measured at a fixed bias voltage) to any particular
set of environmental conditions. In plots 5.9 is an analysis of all the data from the
flight SSDs, the leakage current (measured at 150 V) values have been divided in bins
of temperature and humidity in order to observe the relative dependencies.

















































Leakage current vs. humidity
Fig. 5.9: Leakage current (at 150V) vs temperature (left) and relative humidity (right) for the
tested SSDs. The temperature dependence is reasonably well described by an expo-
nential increase, while a linear (at least within the uncertainties associated to the data
points) decrease of the current as the humidity increases is observed. The maximum
temperature limit for silicon is between 45 and 50 degrees.
Results from the leakage current measurements
Expected Measured Rescaled
Average value (nA) 196.5 ± 0.4 102.7 ± 0.3 138.0 ± 0.4
RMS (nA) 44.1 ± 0.3 27.9 ± 0.3 35.6 ± 0.3
Tab. 5.3: Summary of the results from the measurement of the total leakage current performed
at the level of the single wafer. The expected values refer to the data provided by the
manufacturer, while the last column refers the measured values rescaled to the envi-
ronmental condition declared by the manufacturer using equation (5.8). The average
values and standard deviations quoted in the table are the results of gaussian fits to
the distributions shown in figure 5.8. The temperature and humidity effects can ex-
plain a significant part of the discrepancy between the two sets of data; the remaining
difference is probably due to the fact that the two measurements are performed at
different stages of the production.
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Fig. 5.10: Scatter plots of the total leakage current values @ 150 V measured as part of the
acceptance tests @ INFN vs. the values measured by the manufacturer; the left and
right panels show the correlation between the two measurements before and after
the correction for temperature/humidity effects; the correlation itself is significantly
increased by the correction.
Overall electrical test results
Measurement Average RMS
Leakage Current(nA) 105 28
Depletion voltage(V) 67 18
Bulk capacitance(pF) 1830 10
Broken Strips(overall rate) 10−4 -
Tab. 5.4: Summary of the test results for all 11500 SSDs at 150V bias.
5.2.4 Geometrical tests
The geometrical tests performed on the SSDs check the precision of the wafer cut,
which represents the mechanical reference point during ladder assembly. According to
the requirements the maximum cut error allowed is 20 µm. A reference cross is found
at each of the four corners of the wafers (referred to as corners A,B,C and D). The
distance between the center of the cross and the edge of the wafer (xA, yA, xB, yB)is
measured via a CCD camera mounted on a microscope, the whole system is calibrated
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by the length of the crosses. The nominal values for the center of the cross to the edge
of the SSD are 305 µm and 200 µm. For each corner, the deviations from the nominal
Fig. 5.11: Microphotograph showing in detail one of the corners of a GLAST SSD. The nominal
values of the distances between the center of the cross and the two edges are, respec-
tively, 200 µm and 300 µm, while the arms of the cross itself are 305 µm and 100 µm
long.
value are recorded and the error measurement is determined by the pixel size of the
picture (roughly 1µm, given magnification). Two linear combinations (r and s) of the
deviations measured are defined as to evaluate the alignment of the strips to the edges
(rotation) and their mean distance from the nominal position (shift):




The distribution calculated via equation 5.9 is illustrated figure 5.12. Due to the
high precision cutting of the wafers, the geometrical tests were performed on a few SSDs
per batch, thus consuming less test time per wafer.
Final rejection rate
Non conformance Number of rejected wafers Fraction
High leakage current 30 0.26%
High depletion voltage 3 0.03%
Low breakdown voltage 29 0.25%
Mishandling/transportation 10 0.09%
Large cut error 0 0%
Total rejected 67 0.58%
Tab. 5.5: Summary of the non-conformances found during the SSDs electrical tests. The total
number of rejected sensors is 67 out of 11493 - corresponding to less than 0.6% of the
total - which demonstrates the excellent quality of the production and testing of the
manufacturer.
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Fig. 5.12: Distribution of shift and rotation variables, defined in equation (5.9). Not a sin-
gle sensor has been found out of geometrical specification, confirming the impressive
precision and uniformity of the cut process.
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5.3 Ladders
In order to minimize the number of read out channels, four SSDs are glued head to head
and wire bonded together to form a unique detector (89.5 mm x 358 mm) called a ladder.
The tracker as a whole requires > 2500 ladders, and such a large number of ladders
imposes a choice of assembly as simple and economic as possible while maintaining high
precision and reliability needed to satisfy the mechanical and electrical specifications [3].
The alignment deviation of each wafer with respect to the other should not exceed
40 µm , in order to leave the track reconstruction capabilities unaffected. The nominal
distance between two neighboring ladders is 200 µm. Given that the distance between
two consecutive x-y detection planes is 2 mm, the wire bond and encapsulation height
cannot exceed 500 µm. As for the electrical requirements for an assembled ladder,
the leakage current and depletion voltage values must remain close to the sum of the
specifications for four separate SSDs. The temperature and humidity specifications for
the ladders are the same as those for the wafers, and thus are continuously monitored
during the electrical testing. Furthermore, the detection efficiency of the tracker plane
must be greater than 98% within the active area, thus the number of dead strips in a
ladder should be lower than 1% (leaving another 1% of bad channels in the associated
read out electronics).
5.3.1 Assembly and testing
Thanks to the precision cutting of the silicon wafers, the mechanical reference throughout
the ladder assembly is based upon the edges of the wafers themselves. A custom assembly
jig with teflon coated vacuum chucks has been designed and produced in order to keep
four wafers in position. The first wafer is placed on the vacuum chuck and pushed
against the reference wall by means of a small piston. At this point a second wafer is
dipped into 50 µm layer of glue and deposited upon its respective chuck a few mm away
from the first wafer. The wafer is then pushed by hand against the first wafer and the
procedure is repeated for the remaining two wafers.
Fig. 5.13: The ladder assembly jig. The four wafers are kept in place by means of four vacuum
chucks and the pistons are used to pull the wafers themselves against the reference
walls. The aluminum jig is machined at controlled temperature and the tolerances are
specified to be less than 20 µm.
After the glue is cured, the ladder is transferred into a handling box for the mechan-
ical survey of the relative alignments of the SSDs. The positions of the centers of the
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reference crosses are measured on all four wafers and the residuals from each point to the
best fit straight line are evaluated. After the mechanical acceptance test are completed,
the bonding pads of the four SSDs are connected in series as to form a single detector.
All the wire bonds are encapsulated in order to avoid short circuits and other possible
damages to the wires. Upon completion of the encapsulation, an optical inspection is
performed in order to ensure that the height does not exceed the specified 500 µm.
Fig. 5.14: Scatter plot illustrating the correlation between the leakage current measured at the
ladder level and that of the sum of four single wafers. In the right panel is the
correlation before rescaling and the left panel after rescaling, note the improvement
in the correlation once the testing conditions have been taken into consideration.
Once the ladder has been assembled, it must pass a series of electrical tests like those
those for a single SSD. In particular, the leakage current as a function of the applied bias
voltage and the depletion voltage is also measured via the C-V test, as was done for the
individual wafers. The leakage current for the ladders must not surpass the value of the
sum of four individual wafers, results of the leakage current measurements are shown in
scatter plots 5.14 with the rescaling also taken into account, the correlation between the
expected leakage current (i.e the sum of of the leakage current for four wafers) and the
actual measured value (that of the ladder as a single detector)is quite good. The AC
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Fig. 5.15: Relative humidity and average temperatures measured during the electrical testing of
all the 2592 ladders.
capacitance is tested individually for each single strip in order to verify the insulation
and strip continuity.
Fig. 5.16: Histogram illustrating the depletion voltages (both tested and expected, where the
expected is the sum of the depletion of four wafers) for ladders after construction.
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Fig. 5.17: Leakage current at 100 Volts measured for the four ladder types (where ladder type
implies the ladder position on the tray, i.e Ladder 0,1,2,3) for the 2592 ladders nec-
essary for the construction of the complete silicon strip tracker. The absence of any
systematic effect connected with the ladder position confirms the effectiveness of the
assembly process.
Final Production Results






Non Conformance Number of Rejected Ladders Fraction
High Leakage Current 12 0.4%
High Depletion Voltage 0 0%
Low Breakdown Voltage 1 0.04%
Mishandling/Transportation 7 0.3%
Tab. 5.6: Summary of the ladder construction results after assembly and testing.
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5.4 Trays
Once the ladders have been successfully assembled and tested, the next phase in the
production is the construction of the trays. The tray is essentially the backbone to
the tower module, therefore making this point in production a crucial one. Prior to
the assembly, a thorough quality assurance of the bare panel is performed, after which
the full payload is installed. This section is dedicated to the description of the phases
necessary for the construction of the tray.
5.4.1 Panel assembly and testing
The tray panel is basically made of two composite face sheets separated by aluminum
honeycomb with four carbon-carbon closeouts. There are actually five separate types of
trays differing in several details of the construction. Even though the basic structure is
Tray type Al honeycomb Face sheet plies W converter Si layers
(lb/ft3) (Rad. lengths)
BOTTOM 3 6 - 1
LIGHT 1 4 - 2
HEAVY 3 6 18% 2
MID 1 4 3% 2
TOP 1 4 3% 1
Tab. 5.7: General layout of the 5 different trays for the tracker.
the same, the five different types of tray differ for what concerns the type of aluminum
core, the thickness of the face sheets, the thickness of the tungsten converter and the
number of silicon detection layers (the bottom and top trays are single sided, while all
the others are double sided). The bottom tray, also acts as the interface between the
tracker tower and the grid in which the towers are housed (see figure 5.19 for the design
of the bottom tray). On the bottom side of the MID, HEAVY tray types there are 16
Fig. 5.18: Exploded view of a (completely assembled) MID tray. The front-end electronic boards
(lying on the two sided of the tray) and the silicon strip detectors are shown, along
with the bare panel, the tungsten tiles and the kapton bias circuits.
tungsten tiles acting as converter foils for the passing gamma rays. Both top and bottom
faces of the trays are covered with kapton bias circuits providing the high voltage to the
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Fig. 5.19: Structural design of the bottom tray, illustrating the interface between the tray and
the grid.
silicon detectors (with the exception of the bottom and top trays, for which this holds
for one face only).
The testing of the tray panels before the installation of the front-end electronics
and the SSDs is performed in two different stages. First of all, the frequency of the
resonance modes need to be identified in order to verify the structural quality of the
panels and second the detection of any possible assembly defects. Both of these stages
are performed by making use of the Electronics Speckle Pattern Interferometry (ESPI)
system. How ESPI works is by using the light emitted from a laser and illuminating the
object (in our case the bare panel) surface in a full-field manner using diverging optics.
The back scattered light is then collected with a lens and imaged on the light sensitive
chip of a CCD. In addition to the original beam, a divergent reference beam, originated
from the same laser light, is superimposed via a beam splitter on the CCD itself, thus
forming a speckle pattern.
Fig. 5.20: ESPI system for the qualification of the bare panels. The mechanical frame and
loudspeaker used to stimulate the panel (to the left) and the optical bench including
laser and the CCD camera (to the right).
The resonance modes are measured by stimulating the panel by means of a loud-
speaker driven by a waveform generator connected to an audio power amplifier. A
frequency scan is performed within a range of 600 Hz-1400 HZ with steps of 1 HZ, and
the operator then looks for the frequency in which the maximum number of fringes is
observed (i.e the resonance mode). Once these modes have been measured, a scan up
to '5 kHz with larger steps is performed, with the intent of detecting any significant
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assembly defects.
The next stage in the assembly of the trays, is the gluing of the bias circuits sheets
to the panels. After which, the panels undergo a thermal vacuum test. The purpose of
the test is to check the bias circuit adhesion, thus to identify any possible delamination
which may occur in vacuum, due to air trapping. In addition to that, a bake out is
performed which allows the removal of surface impurities, if any, on the kapton bias
circuits, before the following stages of the tray assembly. The bake out keeps the panels
for 24 hours @ 60◦C and 10−3 mbar. All the tray panels are eventually visually inspected
to verify the absence of any trapped air under the bias circuit or delamination of the bias
circuit itself before being shipped to the site in which the installation of the MCMs and
SSDs takes place. In addition to these test, the bottom trays also undergo a static load
test with the purpose of verifying the static strength and the stability of the bonding
of the flexures which constitute the the mechanical interface between the single tracker
tower and the LAT grid.
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5.4.2 Electrical testing of the MCM’s
The actual construction and testing of the Tracker Multi Chip Modules (MCM’s) is
performed at UCSC/SLAC. Once the MCM’s are delivered to INFN, a set of incoming
electrical tests are performed (in order to verify that no damage has occurred during
shipment) prior to the installation onto the trays. The main objectives of the electrical
tests performed are to check for the basic low level functionalities (the capability of
addressing the GTRCs and the GTFEs and the reading and writing of the registers)
and the basic calibration of the electronics (detection of dead channels, noise and gain
measurements and TOT measurements). This section is dedicated to the explanation
of the tests performed and the goals linked to each of these. The ensemble of tests
described in the following, are pertinent to the electrical testing of all the hardware for
the GLAST Tracker, therefore applicable to every stage of its construction.
The very first tests that are performed are those aimed at controlling that the GTRC
and GTFE registers respond correctly to reading and writing commands:
• GTRC Register Test: some patterns are loaded in the relevant registers of the two
GTRCs and read back. The test checks for any bit errors that may be present
during the readout process.
• GTFE Register Test: some patterns are loaded in the relevant registers of the 24
GTFEs (both from the left and from the right GTRCs) and read back. Again, the
test checks for any bit errors present.
• Reading Configuration Test: making use of the internal calibration system, The
three main reading configurations1 are tested as to verify that the trigger request
and the data are correctly forwarded by all the GTFEs both to the left and to the
right.
Once the functional tests have been completed, the next step is to study the basic
calibration of the electronics (essentially the identification of malfunctioning channels).
The principle test operated on the hardware to perform the baseline calibration
consists of the noise and gain measurement at the level of the single channel. This test
is performed by taking advantage of the internal calibration system of the GTFEs and
essentially a threshold scan with fixed input charge is performed. Suppose Q be the
amount of injected charge (which is known); the pulse height Hout at the analog output
of the electronic chain will be given by:
Hout = s+ n (5.10)
where s is the signal and n is the contribution of the noise. The distribution of s will
be a delta function which we can write, in terms of the gain G, as:
s = δ(GQ) (5.11)
The noise can be assumed to be normally distributed around the origin with a certain
(unknown) standard deviation σn::
n = N(0, σn) (5.12)
so that the distribution for our variable Hout will eventually be:
Hout = N(GQ, σn) (5.13)
1 namely, the readout of all the GTFEs from the right GTRC only, readout of all the GTFEs from
the left GTRC only and 12 GTFEs read from the right GTRC and 12 GTFEs from the left GTRC












Fig. 5.21: Threshold scan performed as to measure the gain and the noise of a single channel;
the red line is a fit with the function (5.14).The injected charge corresponds to about
1.6 fC.
The occupancy O as a function of the threshold T on the discriminator will be given by
the probability of Hout to be higher than T , which is to say:











A fit of the occupancy curve provides a straightforward way to measure the noise and
gain (as can be seen in figure 5.21). The gain is given by the point in which the occupancy
is at 50 %, normalized to the injected charge, the noise is related to the width of the
error function. Since the energy released by a particle passing through the detector is
measured in terms of its charge, it is convenient to express the electronic noise in terms







The noise profile for a typical MCM is shown in figure 5.22,where in the left panel the
width of the occupancy curve is normalized to the measured gain and in the right panel
is the noise is expressed as an Equivalent Noise Charge (ENC).
In order to detect the noisy channels, a slightly different method is used. The
occupancy of the channels is analyzed at a fixed threshold (where the threshold is set
to the working threshold value) and the channels are read out in a random fashion. If a
channel is noisy, then the occupancy will be higher than those that are functional. The
detection of excessively noisy channels is imperative in order to reduce the trigger rate
due to noise during data acquisition. After the noisy channels have been masked out,
the noise trigger rate for each front-end chip is recorded as a function of the threshold
set on the discriminator (in figure 5.23). Once the MCMs are connected to the SSDs, the





























Single channel noise measurement
Fig. 5.22: Measured ENC for a typical MCM (with no SSDs attached); the average value is
typically around 200 electrons.
presence of the capacitive load drastically increases the value of the noise. Therefore, the
noise measurements can also be used to identify disconnected channels (on average, the
noise with the capacitive load is around 1500 electrons, and the average noise without
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Fig. 5.23: Noise trigger rate, as a function of the threshold, measured for each front-end chip of
a typical MCM (with no SSD attached). In the right panel the trigger rate, averaged
over all the 24 GTFEs, is shown as a function of the threshold on the discriminators.
When performed at the tower level this kind of measurement allows the fine adjustment
of the threshold from chip to chip, defining the nominal condition for the standard
data taking.
The last functional test that is performed on the hardware in question verifies the
Time Over Threshold (TOT) measurement functionality. This test uses the GTFE
internal calibration system to monitor the time over threshold as a function of the
amount of injected charge. The purpose of this test is simply to check whether the
various chips are functioning correctly. The results that are expected from this test are
a linear increase in TOT with charge, up to the saturation point of 25 µs (which is the
length of the calibration voltage pulse)2. In fact it will be illustrated in the coming
sections that when the TOT measurements are performed with real data (i.e cosmic
rays) no saturation occurs. The average value that is measured is actually averaged
over half of the MCM (12 GTFEs), this is because the TOT is measured at the GTRC
level and the default readout is 12 GTFEs from the High side and 12 GTFEs from the
2 the full dynamic range of the TOT measurements (50 µs) are not completely explored due to this
feature of the calibration circuitry

































Time Over Threshold measurement
Fig. 5.24: Time Over Threshold, as a function of the injected charge, measured from the left and
right GTRCs of a typical MCM. The TOT curve is routinely fitted with a straight
line within the linear region and value for the slope is verified to be greater than 1
µs/fC.
5. Construction of the Tracker 66
5.4.3 Electrical testing of the trays
Once the MCM’s have successfully completed the incoming electrical tests, there are
then attached to the tray closeout with epoxy adhesive and three metal pins are placed
in correspondence of the MCM grounding holes and glued to the corresponding inserts
in the tray closeout by means of conductive glue according to the tray grounding scheme
[20]. After the adhesive attaching the MCMs to the tray is cured, the HV and shield pads
of the pitch adapter are wire bonded to the corresponding pads on the tray bias circuit.
Before the installation of the ladders the continuity between the MCM ground and the
Al honeycomb core and the isolation with respect to the high voltage are verified. At
this point the ladders are glued to the tray face and connected to the pitch adapter of
the MCM by means of an automatic wedge bonder.
Once the tray assembly is complete it undergoes the same set of electrical tests that
MCM’s were subjected to. The differences in the results are mostly associated to the
noise measurements and this is because the main contribution to the noise is due to the
capacitive load constituted by the silicon sensors, therefore the typical noise profile for
a tray is around the order of 1500 electrons (compared to the average 200 electrons for
the MCM). Yet, the increase in the noise allows for a straightforward way of detecting
any disconnected channels, that is, if a channel is disconnected it will have a lower noise
value with respect to those that are connected to the electronics. Due to the fact that
the noise increases once the MCM’s are wire bonded to the ladders, the measurement
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Fig. 5.25: Noise trigger rate, as a function of the threshold, measured for each front-end chip after
the wire bonding of the silicon sensor (it should be compared with the corresponding
measurement performed at the MCM level, as shown in figure 5.23). Note the excellent
uniformity across the whole layer.
The leakage current at the level of the single tray is also measured, in order to verify
no damage occurred to the SSDs during the assembly. The leakage current is found
by measuring the voltage drop across a 10 kΩ sense resistor (using a custom breakout
box) with a digital multi-meter. The breakout box also provides three jumpers on the
low voltage lines (DVDD, AVDDA and AVDDB) to the tracker electronics, allowing
the measurement of the electronics power consumption by means of a clamp-on adapter
connected to the DMM.
A data taking run with cosmic rays is performed at the level of the single tray
and serves as a quick and precise confirmation of the number and location of the dead
channels. During data taking, the threshold on the discriminators right after the tracker
front end electronics is usually set to 1/4 of a MIP. Given this threshold, the measured
trigger rate is typically 50 Hz (which mostly likely has some contribution from noise).


































Single channel noise measurement
Fig. 5.26: Typical noise profile (left panel) and relative histogram of the noise values (right
panel) after the wire bonding to the silicon strips. The average ENC is around 1500
electrons (compatible with the expected value shown in equation 3.13). Note that
a single disconnected channel is clearly visible in the left part of the noise profile
(it is the one with an ENC of the order of 200 electrons, compatible with the noise
level of a channel amplifier without capacitive load, as shown in figure 5.22). In fact
the measurement of the ENC at the tray level is the standard way the disconnected
channels are first identified.
Fig. 5.27: Leakage current at 100V as measured for the full production of flight trays. The
values for the leakage current are in µ A, note that the specification calls for the
leakage current to be less than 100 µ A, therefore the trays were all well below the
required value.
The noisy channels show up as hot spots in the hit distributions, but once detected,
they are generally masked prior to the data taking sequence. In figure 5.29 the TOT
distributions for an xy plane is illustrated. As was expected for a Minimum Ionizing
Particle (MIP), the distribution is well described by the Landau thin absorber theory.
Once the trays have completed successfully the electrical tests, the next stage in
the tray assembly and testing are the thermal cycles. These cycles are executed at
ambient pressure and are aimed at verifying that the tray and its electronics are stable
throughout a series of temperature gradients.
The tests consists in 2.5 hour soaks at the extremes of the temperature ranges from
-15◦ C and +45◦ C, with a temperature rate of change during the transitions of 40◦
C/hr. The temperature of the tray is monitored with the aid of a temperature sensor
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Results from the leakage current measurement
Expected Measured
Average value (µA) 2.09 ± 0.03 1.53 ± 0.03
RMS (µA) 0.34 ± 0.03 0.26 ± 0.02
Tab. 5.8: Summary of the results of the leakage current measurement performed at the level of
the single silicon layer. The current value is, on average, about 30% lower than what
expected from the electrical tests of the ladders.
Fig. 5.28: Hit-map distribution for a single, self triggering, silicon detection plane. The distribu-
tion is pretty uniform over the entire plane and these data can be cross checked with
those of the functional tests in order to verify the number and typology of defective
channels.
Fig. 5.29: TOT distributions for a typical xy plane during a data taking run with cosmic rays.
The average value is of the order of 10 µs, which was expected due to the shaping
time of the GTFEs.
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Fig. 5.30: The climatic chamber used for the tray thermal cycles. The nitrogen flown connections
(small blue pipes in the picture on the right) are visible.
which is mounted on the tray box, in addition to the climatic chamber that provides an
independent temperature monitoring. Each tray box is equipped with an inlet and an
outlet for nitrogen flow, in order to avoid contamination or moisture. Electrical tests
are performed before and after the thermal cycles, in order to verify that no functional
capabilities have been damaged.
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5.4.4 Bad Channels
Throughout the electrical testing of the MCMs as well as the trays the number of the
bad channels are monitored and analyzed. In general the number of bad channels has
a tendency to increase once the MCMs are connected to the silicon strip detectors,
this is mainly due to the delicate procedures involved in the bonding and attachment
of the MCMs to the SSDs and the tray closeout. The three main categories for the
bad channels are: noisy, dead and disconnected. The noisy channels are classified as
those that have a noise value above 3000 ENC (after connection to the SSDs), the dead
channels are those which never show up in the data stream and the disconnected channels
are identified, as mentioned before, as those that have a noise value lower than 1000
ENC (after the connection to the SSDs). The efficiency requirements for the tracker
obligate the number of bad channels per detection layer to be no greater than 16 [21].
The three main categories are further divided into two different types of defects, mainly
the channels that read essentially zero counts (i.e those that are disconnected and those
which ar dead) and those that are noisy (which once detected are masked in order to
avoid excessive triggers due to noise).
Fig. 5.31: Statistics of the defective channels identified by the electrical tests at the level of
the single silicon layer. Again, the three categories of defective channels are further
subdivided into two main groups: the dead/disconnected and the noisy channels. The
zero counts category includes both the disconnected as well as the dead channels.
In general the number of dead and noisy channels is limited to a few occurrences
per layer and thus does not effect the overall efficiency of the layer. The number of
disconnected channels on the other hand did prove to be a rather serious problem during
the early stages of the tray and tower production. The main problems were essentially
related to two different issues: cracks in the copper traces of the pitch adapters or
debonding of the encapsulant of the front end chips (which in turn tends to break the
wire bonds between the chips themselves and the pitch adapter). A reliable way to test
for such defects is not an easy task. The MCMs are actually tested for the number
of disconnected channels after the completion of the burn-in; the test setup uses a
conductive, flexible strip to short circuit 100% of the pitch adapter traces (close to the
region of the wire bonding to the silicon detectors) to ground, so that the good channels
(i. e. those in electrical contact with the final part of the copper traces) appear to be
dead (the amplifier is shorted to ground) when electrically tested.
The main problem connected with this kind of test is that the fixture used for the
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Fig. 5.32: Microphotograph of cracked copper traces on the 90◦ pitch adapter from the front-end
chips to the silicon detectors. This kind of defect has demonstrated to be relatively
stable, in general, over all the operations connected with the assembly of the tray and
the following environmental tests.
grounding of the copper traces, is applied with some pressure on the pitch adapter which
can put a mechanical stress on the pitch adapter itself that can cause, as a consequence,
accidental reconnections of the cracked traces, and therefore appearing to be functional
during the test. The second problem found is related to the delamination of the adhesive
used for the encapsulation of the ASICSs on the MCM boards. When viewing the black
encapsulation under the microscope, cracks were clearly visible and the wire bonds
showed evident separation, as can be seen in figure 5.33.
Fig. 5.33: Visual inspection of the broken pitch adaptor. The crack in the encapsulation and
the separated wire bonds are clearly visible.
This issue is constituted by the fact that, in some occasions, this kind of defect has
been observed to show up only after the assembly of MCM onto the tray panel. Because
of this reoccurrence the cause is most likely due to the mechanical stress applied during
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the assembly itself.
The issue with the delamination of the adhesive used for the encapsulation showed
the additional complication of propagating during the thermal cycles of the single trays
as well as the towers. Such issues proved to be a problem during the early stages of
production, but the effort invested by the collaboration (both in terms of screening
at the early stages of the production and in terms of quality of the assembly process)
quickly corrected for the problems and as can be seen in the efficiency of the flight towers
presented in the next chapter (also in plot 5.34), the problem ceased to be an issue.
Fig. 5.34: Overall distribution of the defective channels for all the flight trays used int he tower
production. Notice how the amount of disconnected/dead channels drastically de-
creases after the first couple of towers, thus a clear indication that the problem with
tray production ceased to be an issue.
Statistics of bad channels for 16 Flight Towers
Number of Channels Fraction
Zero Counts 2405 0.2718
Noisy 613 0.69 · 10−5
Total 3018 0.341
Tab. 5.9: small Total number of defective channels (in their different typologies) for the full
16 flight towers. The zero counts category includes both the disconnected and dead
channels.
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5.4.5 Stacked Trays test
An intensive test of the flight hardware with cosmic rays is performed at the level of
the stacked tray setup. A long period of cosmic ray data collection at the level of the
single tray would not be of particular interest, nor advantageous for the production
time schedule (due to the large number of trays that must be tested prior to the tower
assembly). Nonetheless, a quick run with cosmic rays is performed while testing the
single silicon layers, with the intent to reverify the number of defective channels as
well as all the relevant distributions (hit-map distribution, hit multiplicity, cluster size
and TOT distribution). The stacked tray test serves as an essential burn-in of the
trays themselves by means of extensive runs of cosmic rays data taking, as well as the
reverification of the basic functionalities of the trays after the thermal cycles. It is
imperative to have full knowledge of the functionalities of the trays prior to the tower
assembly, in order to maintain the required specifications of the flight module.
The staked tray arrangement consists in placing up to 19 trays (housed in their
service boxes), in a custom made rack which physically separates the x and y layers
and performing the standard series of electrical tests, and a long period cosmic ray
data collection. Even though the trays for the x and y layers are physically separated
in this configuration, as far as the Tower Electronic Module (TEM) is concerned the
processing of the trigger requests from the tracker planes (that form the three in a row
combinations and eventually determining the trigger decision) reflects the disposition
of the silicon layers as they it would be in a tower. Thus, the silicon layers which are
close to each other in the TEM sense, can actually be physically distant in the stack of
trays. With this in mind, the interpretation of the data in the self triggering mode of
the stacked tray configuration must be performed with some care.
The rack housing the trays is also equipped with six tiles of plastic scintillator (40 ×
20 cm each), which are arranged into three planes (40× 40 cm wide, hence comparable in
dimensions to the silicon layers) placed at the very top, at the bottom and in the middle
of the stack, respectively. Those scintillators provide the external trigger capability
which is occasionally exploited while taking cosmic rays data as an alternative to the
standard self-triggering mode. 3. The NIM crate used to power the six scintillators can
be seen in figure 5.35.
Throughout the stacked tray test, the online monitor provided by the Graphical User
Interface (GUI) allows to observe the overall XZ and YZ projections as well as the single
layer display for each tray in the stack (as can be seen in figure 5.36).
3 Extensive tests with cosmic rays using the the external triggering mode have been performed during
the early stages of production. Although, triggering on the external scintillators allows to evaluate the
detection efficiency of the silicon detection planes, the precision of the efficiency measurement (requiring
a full 3D track reconstruction) achievable in the stack configuration is limited. This is due to the fact
that the relative alignment of the trays within the stack is very poor (of the order of few mm) and in
addition to that, since the x layers and the y layers are physically separated, the lever arms for the track
extrapolation are in general extremely unfavorable.
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Fig. 5.35: Stacked trays test standard setup (the image shows a stack of 14 trays). The rack is
designed to hold up to 19 trays, corresponding to a full tower. The layers measuring
the y coordinate lie in the lower part of the rack while the x layers are placed in
the upper part, with the Tower Electronics Module and the TEM Power Supply are
between (metal box in the center). The 8 flex cables, which are also visible in the
picture, connect the TEM to the the tracker front end electronics by means of a
couple of connector savers. The NIM crate on the right side of the picture houses
the modules which are necessary for powering and reading out the six scintillators
(arranged in three planes) providing the external triggering capability.
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Fig. 5.36: Example of a cosmic ray track collected during the standard electrical tests of the
stack of trays, as seen by the online monitor. The XZ and YZ projections show the
track of the cosmic ray and the total number of hits as well as the number of trigger
requests are available while the cosmic ray data is being collected.
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5.5 Summary
The production and testing of the flight hardware has been successfully completed.
Tables 5.10 and 5.11 briefly summarize the final status of all the hardware necessary for
the construction of the GLAST silicon strip tracker.
Final SSD Status
Total Rejected Fraction
11500 67 0.58 %
Final Ladder Production
Total Flight Rejected Fraction
2555 20 0.78 %
Tab. 5.10: Final status of the SSDs and ladders, notice how the overall rejected rate is well under
1%.
Final Tray Production
Tray condition Total Rejected Fraction
Completely assembled1 17 4.6%
Partially assembled2 14 3.7 %
Total 31 8.3%
Tab. 5.11: Tray production results after completion of all 18 towers. It is important to note that
the majority of the rejected trays originate from the early stages of the production
(issues discussed in the Bad Channels section of this chapter). In fact the total number
of rejected trays from the first 304 flight trays produced was 30 [22], therefore clearly
demonstrating the excellent tray production quality.
1 The completely assembled trays are those that have the full payload, SSDs and electronics. These
trays are mostly those from the early stages of production, therefore those with the delamination prob-
lems and cracks in the copper traces that caused the large number of disconnected channels.
2 These trays are those that were declared non flight at the bare panel level (no SSDs or MCMs),
they mostly had dimensions out of specification.
6. THE TOWERS
The construction 18 tower modules, which constitute the full tracker plus 2 spare towers
for calibration purposes has been successfully completed. Integration into the grid and
the calorimeters was performed at the Stanford Linear Accelerator Center (SLAC) site,
and the full LAT will be ready for thermal vacuum testing and vibration testing in early
2006. As stated before, the completion of the full tracker constitutes for the largest
planned application of silicon strip detector technology, with an active area of more
than 80m2. Since the silicon strip tracker is modular, the procedure for the assembly
of the tower module is identical for all the 18 towers necessary for completion. In this
chapter a detailed description of the tower assembly is presented, complemented by a
series of photographs illustrating the various phases of the assembly. The electrical and
functional testing of the flight tower module including an off-line analysis of the detector
efficiency and relative alignment.
6.1 Tower assembly
The construction of the flight tower is divided into a series of phases ranging from
the mechanical assembly to the electrical verification. The mechanical aspect of the
construction consists in the stacking of the trays in the tower configuration (with the
silicon layers rotated 90◦ with respect to the previous one, therefore forming an xy
detection plane, as well as placing the MID,HEAVY and LIGHT trays in the order
called for in the design specifications1), mating the cactus flex cables to the trays,
securing the sidewalls and measurements of the external dimensions. The electrical
verification consists in a complete electrical and functional test suite (the same electrical
tests performed on the single hardware components), an extensive run with cosmic rays
as well as the study of the characterization of the instrument (detection efficiency and
relative alignment).
1 12 trays with 0.03 radiation length W converters, 4 trays with 0.18 radiation length W converters
and 2 trays without converters
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Trays stacking
Cables installationCables bending
Sidewalls installation Sidewalls fabrication
Comprehensive performance test
Comprehensive performance test
Metrology and installation of the grid simulator
Turn over and top bending of the cables
Metrology
Final electrical test
Locking of the fasteners
Fig. 6.1: The general layout for the construction of the flight tower.
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6.1.1 Mechanical Assembly
Essentially what was done is to remove the trays from their protective aluminum boxes
and place them upside down onto an assembly table, where the lift handles (those used
for positioning the tray into the assembly jig) are fixed to the closeouts and the ship
handles (those holding the tray in place within the box) are removed.
Fig. 6.2: Photograph (on the left) of the tray outside of the handling box with the lift handles
mounted to the sides of the tray. To the right is the lifting cage used to lower the tray
into position during the assembly.
The lift plane is then screwed to the handles and this lifting cage is assured to the
crane which is used to lower the tray down in the assembly jig. Once the tray is lowered
into the assembly jig it is fixed in place by means of four referring pins and both the lift
plane and the handles are taken apart. The tower is stacked in decreasing order, that is
the top tray is placed first and slowly stacked towards the bottom tray.
Once the trays are stacked, the 8 flex cables (whose cactus arms have been previously
bent, with a custom made tool, in order to facilitate the mating of the connectors to the
MCMs) are connected to the MCMs and the side walls are put into place.
At this point the assembled tower (still upside down) is transferred under the Co-
ordinate Measuring Machine (CMM) for the metrology, which consists in essentially
the measurement and confirmation that the external dimensions are within the nomi-
nal stay-clear. With the tower still upside down, the grid simulator (which will be only
removed right before the installation of the tower in the actual 4×4 flight grid) is assem-
bled onto the corner fixtures of the bottom tray and aligned with the bottom tray itself.
After which the tower is turned over and the top bending of the flex cables is performed
and the tower as whole is measured again via the CMM for further verification of the
external dimensions. After which, the fasteners holding the sidewalls in place are locked
with a structural adhesive called solithane and the EMI taping is performed2.
2 Due to the Electromagnetic Interference (EMI) which the detector will suffer while in orbit, it is
necessary to protect the flex cables that are exposed on the top end of the tower, the rest of the detector
is shielded by the side walls. Therefore a taping of these cables is performed, see figure 6.8.
6. The Towers 80
Fig. 6.3: the assembly jig used for the stacking of the trays.
Fig. 6.4: The lifting plate used to place the tray onto the assembly jig and lower into the stack.
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Fig. 6.5: Stacking of the trays into the tower assembly jig. The two panels show the stack as it
appears in the middle and at the end of the assembly. The referring pins used to secure
the position of thetray are clearly visible along the outer edge of the assembly jig.
Fig. 6.6: Installation of the sidewalls on the four sides of the tower.
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Fig. 6.7: Top bending of the flex cables. Since 4 (out of the 8) cables actually stick out from the
plane of the top tray, proper corner brackets (left panel) are fixed onto the tray itself;
the cables are then bent over the brackets and held in place by means of suitable clips
(right panel).
Fig. 6.8: Illustration of the EMI taping of the flex cables after the top bending. An exposed
cable (still to be taped) is visible in the top right corner of the picture.
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6.1.2 Electrical Tests
The tower is electrically tested after each phase in the mechanical assembly the tests
performed are those described in the previous chapters (essentially the measurement of
the leakage current, basic functional tests at the level of the registers, identification of
the bad channels and baseline calibration) and an extensive run of cosmic rays data
is collected and analyzed off-line for the evaluation of the relative alignment and the
detection efficiency of the silicon layers. The leakage current measurement (called the
power consumption test) is performed on one side of the tower at a time, the nine MCMs
found on each tower side, are powered and the default configuration is loaded with each
GTRC chip addressing 12 GTFE chips. bias voltage to the silicon layers is turned
on, set to 0V and ramped up to 120V in steps. The leakage current, from the layers
connected to the flex cable, is monitored through the voltage ramp by measuring the
voltage drop across the sense resistor by means of the breakout box. The leakage current
value is compared to the expected value of the sum of trays being measured, therefore
the expected value is of the order of 15 µA on each cable. The power consumption test
is performed on all four sides of the tower in order to verify that no damage to the
silicon layers has occurred during the assembly phases. After the leakage current has
been measured, all flex cables are connected to the tower electronics module (removing
the breakout boxes) and the remaining tests are performed on the tower as a whole.
This ensemble of tests is denoted as the Comprehensive Performance Test (CPT)
and it is a crucial test suite, not only because it allows for a detailed analysis of the
completed tower, but also (since the CPT is performed at every stage of the construction,
including the stages prior to closure with the sidewalls) in case a problem is detected,
the tower can be in principle partially disassembled and any of the trays can be taken
apart and replaced without a dramatic impact.
Once the tower has been successfully tested and assembled, the next stage is to pack
the tower and ship it to Alenia Spazio where it will undergo the environmental testing
(Vibrational and thermal vacuum testing). In order to pack the tower, several steps
are required in order to assure the safety of the tower during shipment. First of all,
the tower is disconnected from the TEM and the flex cables are bent and fastened to
the grid simulator, in order to secure their safety during shipment. The next stage is
to place the tower within the shipping containers. There are two shipping containers
for each tower (the inner and the outer shipping containers), the inner container which
serves as the first protection shell and is composed of four support pillars, aluminum
lateral plates and top and bottom plates. The inner shipping container is mounted to
the tower separated by a custom made ESD safe bag. At this point the tower is ready
to be placed within the outer shipping container which can be seen in figures 6.10 and
6.11.
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Fig. 6.9: Photograph of the inner shipping container for the tower module. As mentioned previ-
ously, inside the inner shipping container the tower is wrapped in a custom made ESD
safe bag (not visible in the picture).
Fig. 6.10: The inside of the outer shipping container, the tower is again wrapped in an ESD safe
bag and safely placed within shock absorbent container.
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Fig. 6.11: Picture of the outer shipping container ready for shipment.
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6.2 Characterization of the instrument
As was mentioned throughout the previous chapter, the standard distributions (namely
the hit-maps, hit multiplicity and TOT) of the hardware are monitored at the stacked
tray test level. At the tower level, the cosmic ray data is collected with the intent to
evaluate the relative alignment and detection efficiency. The overall efficiency for the 18
tracker towers is of 99.6 % (including tower A that suffered many disconnected channels)
while maintaining the noise occupancy of about 10−6 . The correlation between noise
occupancy and detection efficiency will also be discussed. Overall, in this section a
discussion of the characterization of the tower module will be presented as well as a brief
overview of cosmic rays and why they are suitable for the analysis of the characterization
of the detector.
6.2.1 Cosmic Rays
Most cosmic rays are protons, which are abundant in the universe. Primary cosmic rays
are particles such as a single proton (about 90% of all cosmic rays are nuclei of hydrogen)
up to an iron nucleus and beyond, and alpha particles (majority of the remaining 10%)
traveling through the interstellar medium. Most of these originate outside of our solar
system (galactic cosmic rays, thought to originate from Supernovae), but some of them
also come from the sun3. Cosmic ray particles that arrive at the top of the earth’s
Fig. 6.12: Illustration of the proton interaction with the atmosphere and the resulting pion decay
into muons and muon neutrinos.
atmosphere are termed primaries, when these primaries hit the earth’s atmosphere, they
will collide and interact with the nuclei of the atmospheric gas molecules. Because most
3 Particles from the sun usually aren’t accelerated enough to have a high enough energy to produce
secondary particles in our atmosphere. Yet during strong solar flares the particles can be accelerated up
to an energy of around 400 MeV, these particles can then produce secondaries in the earth’s atmosphere.
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of the cosmic ray primaries are strongly influenced by the earth’s magnetic field and the
interplanetary magnetic field, most of those detected near the earth have kinetic energies
in excess of about 1 GeV. In these high energy collisions many secondary particles are
produced, primarily pions. Charged pions decay into a muon and a muon neutrino (see
figure 6.12 for an illustration of the pion decay in the atmosphere).
pi+ → µ+ νµ (6.1)
pi− → µ− νµ
Taking a typical energy value of around 10 GeV for a pion, the distance traveled before
decay is approximately 550 meters. The typical muon mean energy on ground is approx-
imately 4 GeV, thus 4 the muons can travel about 22 km before decaying. Therefore the
majority of the charged particles at sea level are muons originating from galactic cosmic
rays.
Fig. 6.13: On the left panel are the abundances of the primary cosmic rays, which shows that the
vast majority of the cosmic rays are composed of hydrogen nuclei. On the right, the
vertical flux with respect to the atmospheric depth of the secondary particle produced
by the cosmic ray interactions with the earth’s atmosphere. The vertical flux of the
muons produced in the pion decay is clearly greater than any other secondary particle.
As was mentioned in the previous section, an extensive cosmic ray data run is per-
formed at the tower level with the intent to perform the detection efficiency and relative
alignment analysis of the detector. In order to be able to achieve these goals it is first
necessary to verify that the data we are analyzing is appropriate for the measurements
that we want to execute. First of all, to perform a measurement of the detector efficiency
it is desirable to gather data from minimum ionizing particles (MIPs). The MIPs are
preferable because they are particles whose energy loss per unit path length is small,
4 taking into account time dilation for the distance traveled by both the muons and the pions
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Fig. 6.14: The µ+ + µ− spectrum at sea level as a function of momentum.
Fig. 6.15: Mean energy loss of a particle as a function of particle momentum. The minimum
ionizing region is clearly visible as the minimum value of the energy loss.
which makes for an excellent candidate for the measurement of the detector efficiency
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because we can analyze the response of the detector with respect to the minimal amount
of energy loss. The muons which are detectable from the ground are classified as MIPs,
so that the analysis of the efficiency can be performed using the data from the cosmic
ray secondaries.
On the other hand, to measure the relative alignment and spatial resolution it is
desirable to have straight tracks. How straight a track is, is determined by the angular
resolution of the detector, thus any displacement less than the angular resolution of the
instrument will not be detected and will be considered straight as far as the detector
is concerned. Therefore selection of the tracks must be done taking into account the
amount of multiple scattering suffered by the passing particle. The Gaussian approxi-















Where p, βc and z are the momentum, velocity and charge number of the incident
particle, and xX0 is the thickness of the medium in radiation lengths. From equation
6.2 it can be seen that the ”amount” of multiple scattering is roughly inversely propor-
tional to the momentum of the particle, so for a 4 GeV muon the amount of multiple
scattering suffered while passing through an 18% radiation length tungsten converter
will be approximately 0.1◦. While the intrinsic angular resolution of the instrument can
be roughly approximated as the minimum angle of deflection between two consecutive









Fig. 6.16: Illustration of the intrinsic angular resolution of the instrument. Where d is the
distance between two consecutive detection planes, p is the strip pitch width and θ is
the angle of deflection.
strip pitch and the distance between two xy planes (neglecting the distance between
the conversion foil and the underlying layer) the minimum angle of deflection can be
approximated as:
δx = tan θ · d (6.3)
Taking into consideration the small angle approximation, tan θ ' θ and since we want
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Where p is the width of the strip pitch (223 µm) and d is the distance between two
consecutive detection planes (approximately 30 cm). Therefore the minimum angle of
deflection5 is roughly 0.57◦, which in comparison to the 0.1◦ deflection caused by multiple
scattering effects on the 4 GeV muons, the deflection is negligible and their tracks can
be considered as straight.
By simple geometrical considerations, It is easy to demonstrate that the expected
angular distribution of cosmic rays reaching a fixed point at the sea level, Cp(θ, φ) is
related to the angular distribution of cosmic rays crossing a horizontal surface of unitary
area, Cs(θ, φ) (where θ is the polar angle with respect to the z axis - vertical - and φ is
the azimuthal angle measured starting from the x axis) by the equation:
Cs(θ, φ) = Cp(θ, φ)cosθ (6.5)







cos2 θ sin θdθdφ (6.6)
With a slight abuse of notation, using the same letter (C), the probability densities
(corresponding to the cosmic rays angular distribution) associated with each of the
variables are:








The expressions above describe the ideal case, in which the aspect ratio of the detector
is very large. Taking into consideration the dimensions of the detector (i.e height and
width) the number of detected cosmic rays as a function of the polar angle with respect
to the z axis, θ can be written as [22]:









Where N0 is a normalization constant and Ar is the aspect ratio of the instrument. Note
how this expression reduces to that of the ideal case in the limit of a large aspect ratio:
lim
Ar→∞
Ndet(θ) = N0 cos3 θ sin θ (6.9)
During the study of the characteristics of the LAT prototype, the mini tower, the angular
distribution of the reconstructed polar angle θ for cosmic ray data was measured. The
results (which can be seen in figure 6.17) showed to be in excellent agreement with those
found during the simulations.
5 This is in the worse case scenario because we took the value of the thickest radiation length foil
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Fig. 6.17: Distribution of the reconstructed polar angle θ for cosmic rays. The black histogram
represents the data while the blue crosses are the predictions of the full Monte Carlo
simulation; the red solid line is a fit to the data with the function (6.8) and finally the
dashed lines represents the geometrical limits on θ itself.
6.2.2 Alignment
As was discussed in the section above, in order to be able to study the relative alignment
it is necessary to have straight tracks. The basic strategy in selecting these tracks relies
on a cut on the value of the reduced χ2 provided by a straight line fit to the positions
of the reconstructed clusters. This approach allows to achieve a track quality which
permits us to measure the relative alignment as well as the detection efficiency. The
relative alignment of the detection planes is performed via the study of the residual
distributions as a function of the track parameters (hit position and direction). The
residuals distribution is studied by comparing the hit position on the plane itself with
the impact coordinate as extrapolated from the layers reading out the same coordinate.
In principle, track reconstruction can be corrected for any type of misalignment provided
that the software has a sufficient number of alignment constants. Generally speaking, the
misalignment of each element can be completely characterized in terms of six constants:
three translations (∆x, ∆y and ∆z) and the rotations around the three axes (α, β and
γ). The z axis is taken to be along the tower, i. e. orthogonal to the tracking planes.
The ∆x, ∆y and γ are often referred as first order constants, meaning that they produce
displacements that do not depend on the slope of the track. ∆z, on the other hand does
depend on the slope of track, and can therefore produce greater displacements due to the
fact that the slope of the track can be rather large. α and β can generate displacements
of both first order and second order and are thus more difficult to correct for.
The basic alignment strategy begins with the evaluation of the relative shifts of the
silicon layers (both in the horizontal and in the vertical direction) which is performed by
means of an iterative process. Since the x-z and y-z planes are completely independent
of each other, the analysis goes on separately for the x and the y layers. As can be
seen in figure 6.18 a horizontal shift in the silicon planes can cause a displacement of
the actual position of the event hit, while on the other hand a vertical shift causes a
displacement which is proportional to the slope. Still referring to figure 6.18, the average
displacement of the actual hit with respect to where the reconstructed track crosses the
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plane in the ideal z coordinate can be written as:
rxi = ∆xi + ∆zi tan(θXZ) (6.10)
ryi = ∆yi + ∆zi tan(θY Z)
where θXZ and θY Z are the projections of the azimuthal angle of the track on the x-z
and y-z planes, respectively, and ∆xi, ∆yi and ∆zi are the shifts of the layer i in the
three directions. At this point is becomes clear that the xz and yz planes are completely
independent of each other, due to the fact that the shifts in the y direction have no











Fig. 6.18: First and second order misalignments in a simple configuration with three, equally
spaced, detection planes (x2 is here assumed to be shifted both in the x and z direction
with respect to its nominal position).
In order to actually evaluate the relative misalignments in both the vertical and hor-
izontal directions it is necessary to study the scatter plot of the residuals vs the slope
of the track (this is true for both the x and y directions respectively), where the depen-
dence between the two parameters becomes clear. The horizontal and vertical shifts are
calculated via the intercept and slope of the best-fit straight line in the profile histogram
shown in figure 6.19. This procedure allows to evaluate the alignment constants of one
layer with respect to the average of all the other layers within the tower. Once the align-
ment constants have been calculated, they are then fed to the reconstruction software
and the iterative procedure is then performed again. This mechanism is continuously
run until the whole process converges to some predefined limit (i.e all the residuals are
centered around zero and do not show any slope dependence).
After some experience, it was found that 100k events (which turns out to be of the
order of 40-50k good events after the cuts) are typically enough for an alignment at the
10 µm level. In order to optimize the overall efficiency of the layer to layer alignment
procedure, the first iterations are usually performed with a much smaller number of
events (10k) to obtain a quick and rough estimation of the alignment constants. After
which the number of analyzed tracks is then progressively increased and in the last
iterations all the sample is eventually passed to the reconstruction algorithm.
The method described above allows for the measurement of the vertical and horizon-
tal shifts, yet it cannot take into account for any overall horizontal and vertical stretches,
shearing or relative shifts between the x and y planes. Therefore, what can happen if
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Fig. 6.19: Scatter plot of the residuals vs. the slope of the track for a single silicon detection plane
(left panel). The correlation is more evident in the profile histogram (right panel). the
two parameters of the linear fit (intercept and slope) directly constitute the alignment
constants (horizontal and vertical shift, respectively) as shown in equation (6.10).
Final set of alignment constants
Modification of the geometry description
Comparison with the required alignment accuracy
Nominal geometry description
Data analysis and track reconstruction
Alignment constants (hor. and ver. shifts)
Fig. 6.20: Schematic description of the iterative algorithm for the evaluation of the horizontal and
vertical alignment of the silicon detection planes within a tower. Once the alignment
constants have been evaluated for the individual layer, the overall geometry is modified
according the new constants and the alignment algorithm is performed again. The
process is stopped when the desired level of accuracy is reached.
these extra factors are not taken into account while running the algorithm, is that the
convergence may not be asymptotic (as can be seen in the plot 6.21) and the alignment
constants may keep on changing after any number of iterations.
In order to avoid the asymptotic convergence illustrated in figure 6.21, what is done
is the following: After every iteration the geometry of the tower is compared to the ideal
geometry, using this ideal geometry the necessary corrections for the overall horizontal
and vertical stretches, shearing or relative shifts are taken into account and corrected
for. Then the values obtained via the iteration process are fed into the algorithm and
the iterative process is run again. By doing this, it is possible to ”correctly” align
the tower (i.e avoid the asymptotic trend). It is possible to use the ideal geometry
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Fig. 6.21: Vertical shift of the 36 detection planes within a tower as a function of the number
of iterations (in this particular case 20 iterations with 10k, 20k, 50k and 100k events
have been performed). The values on the y axis are referred, for each plane, to the
last iteration. The asymptotic trend of the alignment constants, reflects the fact that
the basic alignment procedure (without any additional external input) is essentially
insensitive to some particular coherent misalignments at the level of the tower.
during these iterations due to the fact that the tower undergoes extensive metrology
measurements. The measurement of the parallelism and perpendicularity of the tower
faces allows to put an upper limit on the possible shearing of the tower. As far as the
horizontal stretching goes, the dimensions of the silicon sensors are controlled to within
a few µm and the relative positioning of the ladders onto the tray is also well controlled.
This permits to consider the width of the detection planes as essentially fixed, thus
eliminating the possibility of a horizontal stretch of the detection planes with respect to
the ideal geometry. Therefore, once these extra dimensions have been taken into account
during the alignment algorithm, the overall process converges to the predefined limit.
As can be seen in figures 6.24 the typical distributions of the residuals as a function
of the track slope, after the alignment process, show an average for both the x and
y values and slopes of the histogram profile close to 0. In fact, the typical width of
the residual distribution (after the corrections) is in excellent agreement with what was
expected from the Monte Carlo simulation of the instrument. The RMS for the real
data is 137 µm and for the simulated data is 124 µm (see plots 6.23)
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Fig. 6.22: Vertical shifts of the 36 detection planes within a tower as a function of the number
of iterations (in this particular case 20 iterations with 10k, 20k, 50k and 100k events
have been performed). The asymptotic trend which was showing up in figure 6.21
effectively disappears when the alignment constants are corrected for the coherent
effects at the tower level. The values on the y axis are referred, for each plane, to the
last iteration.
Fig. 6.23: Distribution of the residuals, after the correction for the horizontal and vertical shifts,
for a single silicon layer. The real data (left panel) are in excellent agreement with
the full Monte Carlo simulation (right panel).
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Fig. 6.24: Typical distribution of the residuals, as a function of the track slope, for the 36 silicon
layers within a tower before the correction for the horizontal and vertical shifts. The
data refers to tower 2.
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Fig. 6.25: Distribution of the residuals, as a function of the track slope, for the 36 silicon layers
within a tower after the correction for the horizontal and vertical shifts. The data
refer to the same run shown in figure 6.24.
6. The Towers 98
In order to correct for the possible rotations around the z axis, it is necessary to take
into account the x and y axes as dependent upon each other. Since a rotation around
the z axis introduces a displacement, in either the x or y coordinate, which depends
on the position along the other coordinate, the basic strategy consists in analyzing the
distributions of the residuals in one coordinate with respect to the other one
Fig. 6.26: A rotation around the z axis introduces a displacement in either the x or y coordinate
which depends on (i. e. is proportional to) the position along the other coordinate.
In figure the strips measuring the x coordinate are in black, the nominal position of
the y strips is in light blue while the actual position is in dark blue.
Therefore the evaluation of the rotations can be much more difficult to correct for
since it cannot be done at the level of the raw data (i. e. at the level of the 1D
hit positions), but requires the clustering and identification of the 2D x-y positions of
the hits. Due to the difficulties involved it was decided not to go through an iterative
process for the correction of the rotations (at least as part of the standard analysis which
is routinely performed at the tower level), but to use a rougher single step evaluation of
the related alignment constants. The the basic idea resides in analyzing the distributions
of the residuals in one coordinate with respect to the hit position along the orthogonal
coordinate, thus providing a first order estimation of the rotation. The slope of the linear
fit to the corresponding profile histogram constitutes an evaluation of the rotation of
the plane.
6.2.3 Detection Efficiency
The evaluation of the detection efficiency (at nominal threshold) for the GLAST tracker
towers is calculated via a 3D track reconstruction, followed by an extrapolation of the
track (through every silicon layer of the detector) in search of a hit on the plane itself
(within a fixed width window of 1 mm). If there happens to be a layer in which a
hit is missing (that is if the track shows a clear path above and below a plane but is
missing in the plane itself, or whether the hit is not within the given 1 mm window)
an inefficiency is recorded. In the case of a low energy particle, it is possible for the
track to suddenly stop within the tower, therefore causing a ”fake” missing hit when the
track reconstruction is evaluated. In order to avoid such artificial under estimation of
the detection efficiency, it is assumed that if a hit is missing in both the x and y layers
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Fig. 6.27: Residuals distribution for one of the x planes, as a function of the hit position along
the other coordinate. The slope of the linear fit to the profile histogram gives the
rotation around the z axis of the plane itself.
(thus constituting a detection plane) the track is considered to have stopped, and the
inefficiency is not measured. In addition to the standard cut on the quality of the events
used for the evaluation of the relative alignment of the planes (which, by the way, needs
to be performed on both x-z and y-z planes at the same time, in order to have good tracks
both in the x-z and in the y-z plane), the evaluation of the detection efficiency (which is
routinely performed at the level of the single layer) requires a further cut on the pattern
of trigger requests in order to verify that the system would have triggered anyway even
without the plane under study. Although necessary, the cut on the trigger requests is
only moderately important due to the fact that the three in a row combination within
the tower is much smaller in number compared to the average number of planes crossed
per track. For example, if a track crosses 18 planes then 3 three in a row combinations
may be triggered, so if in one plane the hit is missing, at least one three in a row
combination would have triggered. Therefore, in general for every event fired, more
than one three in a row is issued and thus if one plane is removed the trigger would have
been issued anyway. In figure 6.30 is an illustration of the procedure explained above
which shows the cumulative distribution of the inefficiencies projected onto the x-y plane
and averaged over a full tower (18 x-y silicon layers). In general, it is always possible
to make the detection efficiency closer to 100% just by lowering the threshold, although
at too low a threshold the noise becomes the limiting factor. Therefore, the working
point must be chosen as a good compromise between the two opposite requirements
(high detection efficiency and low noise occupancy). In our case the noise occupancy,
with a threshold corresponding to about 1/4 of a MIP, is already as low as 10−6 so that
there is a quite large threshold interval in which the requirements, both in terms of the
noise and in terms of efficiency, are met. The situation is summarized in figure 6.29. It
is worth to note that this constitutes a crucial verification of the overall tracker design,
from the point of view of the sensors and associated electronics.
In table 6.1 are the detection efficiency results for all 18 towers produced (which
include 16 flight towers and 2 spare towers that will be used for calibration purposes) in
relation to the number of disconnected channels. The average efficiency is 99.6% which
is well above the 99% requirement (and this is taking into account tower A and 16 which
both suffered from many disconnected channels).
In table 6.2 the detection efficiencies for the single silicon strip layers is provided,
notice the excellent uniformity of the efficiencies throughout the tower.
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Fig. 6.28: On the top panel is an illustration of a straight track passing through the tower
module. Bottom panel shows a track which stops in the middle of the tracker (mostly
likely due to low energy particle).
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Tower detection efficiency





















Tab. 6.1: Average detection efficiency, as measured before the environmental tests, for 18 towers
(16 flight and 2 spare).
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Tower B detection efficiency






































Tab. 6.2: Detection efficiency, measured at the level of each single silicon layer, for Tower B,
taken as an example. The data refer to the tests with cosmic rays performed after the
assembly (before the environmental tests.)







Noise too high Efficiency too lowWorking margins
Fig. 6.29: Threshold margins; the mini tracker meets the design requirements (detection effi-
ciency for Minimum Ionizing Particles greater than 98% and noise occupancy lower
than 10−4 at the strip level [3]) in a wide range of threshold (green region in the
figure).
Fig. 6.30: Cumulative distribution (over the 18 x-y detection planes constituting a full tower)
of the detection inefficiencies in a typical run with cosmic rays. The dots represent
the extrapolated x-y hit positions, evaluated after the track reconstruction. these
regions are either green (corresponding to an active area), red (the inactive regions)
or magenta (when close to the edges of the silicon sensors, which is approximately
a 5 mm window). The dark crosses indicate the position of the real inefficiencies,
while the little x-shaped crosses represent the fake missing hits which a blind track




Once the full tower has been assembled, it is necessary for it to go through a series
of vibration tests that simulate the maximum expected launch and ascent dynamic
environments in order to verify the structure and design of the tower. The measurement
of the resonance frequencies is performed by means of a low level sweep test, while the
dynamic environments are simulated by both sinusoidal vibration and random vibration.
The response under the dynamic excitation is studied both along the thrust axis (Z-
axis) as well as the lateral (Y and X axes) directions. This response is measured via
accelerometers which are placed on the fixture which acts as an interface with the tower
(see figure 7.2 for the illustration of the placement of the accelerometers). There are four
control accelerometers to measure the input excitation along the thrust and transverse
directions, and in addition there are 6 uni-axial accelerometers which are used to monitor
the amplitude and relative angular phase with respect to the control accelerometers. The
shakers used for the vibration testing are illustrated in figure 7.1.
The low level amplitude sine sweep test is used to evaluate the transfer function of
the tower both along the vertical axis and along the lateral axes and is mainly intended
to measure the resonant frequencies of the tower. Once the resonant frequencies are
known, a series of sinusoidal and random vibration tests are performed in conjunction
with the low level signature sweep test, in order to study the behavior of the tower when
subjected to the dynamic environment. Changes in mode frequency and/or amplitude
are used to identify any possible structural damage that the dynamic tests may have
caused.
Fig. 7.1: Shaker coupled with a slip table (left panel) for horizontal vibration (x and y axes) and
shacker coupled with a head expander for vibration along the vertical axis (z axis).
The sinusoidal vibration test is aimed at verifying the ability of the tower to survive
the low frequency launch environment. The tower is exposed to a sinusoidal vibration
frequency from 5 to 50 Hz in both thrust and lateral directions. The random vibration
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Fig. 7.2: Illustration of the positioning of the 6 measurement accelerometers on the tower. They
are glued, in groups of three, onto two cubes (1 cm wide), which are in turn glued on
the sidewalls as shown in figure.
test is designed to study the structural response of an item when it is subjected to the
launch environment. The test is performed in four successive runs: the first at -12 dB,
the second at -6 dB and the third at -3 dB, all of which will have a duration of 30 seconds
each and finally at the workmanship level for 60 seconds [7]; the full test sequence is
listed in table 7.1. After each of the random runs a low level sweep test is performed in
order to verify that no changes have occurred to the resonant frequency modes of the
tower.
Tower vibration test sequence
Test description Input
Low level sweep (RMS mode) 0.15 g, 5 - 2000 Hz
Low level sweep 0.15 g, 5 - 2000 Hz
1/4 level sinusoidal vibration 5 - 50 Hz
Low level sweep 0.15 g, 5 - 2000 Hz
sinusoidal vibration 5 - 50 Hz
Low level sweep 0.15 g, 5 - 2000 Hz
Random vibration (-12 dB) 20 - 2000 Hz
Random vibration (-6 dB) 20 - 2000 Hz
Low level sweep 0.15 g, 5 - 2000 Hz
Random vibration (full level) 20 - 2000 Hz
Low level sweep 0.15 g, 5 - 2000 Hz
Low level sweep (RMS mode) 0.15 g, 5 - 2000 Hz
Tab. 7.1: Test sequence for the vibration tests along any of the three axis. The sinusoidal
vibrations and random vibrations, simulating the dynamic environment, are alternated
with low level sine sweeps in order to detect possible frequency shift which may indicate
potential problems.
The results from the electrical tests performed on the tower after the vibrational
test are very impressive as can be seen in figures 7.6 and 7.7 which show the gain and
noise values measured before and after the vibration test (the data refer to tower B).
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Fig. 7.3: Results from the low level amplitude sine sweep test for the X (top panel),Y (middle
panel) and Z (bottom panel) axis. The resonant frequencies for each is clearly visible.
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Fig. 7.4: Typical input spectrum for the random vibration along the z axis (top panel) and along
the lateral (i. e. x, y) axes (bottom panel). The notch center frequency is adjusted
before each run to the measured fundamental frequency from the previous low level
sine sweep.
7. Environmental Tests 108
Fig. 7.5: Response from the accelerometers A1, A2, A3 corresponding to random vibration for
the X (top panel),Y (middle panel) and Z (bottom panel) directions. The blue lines
are for the full level test, the green lines are for the -6dB test level and the red lines
are for the -12dB test level.
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Tower first resonance frequencies
Tower νx νy νz
(Hz) (Hz) (Hz)
A 145 143 378
B 142 141 380
1 151 151 392
2 143 143 388
3 141 142 378
4 135 136 368
5 146 147 386
6 132 134 356
7 143 145 373
8 130 133 359
9 139 141 371
10 137 139 374
11 129 136 365
12 131 139 368
13 134 134 358
14 131 135 356
15 131 132 354
Average 137 139 370
RMS 6 5 11
Tab. 7.2: Measured value of the first resonance frequency (on the three axes) for 17 towers (16
which are flight and 1 spare, tower 16 is missing because it did not go through the
environmental tests since it is not a flight tower). The minimum allowed value is 130
Hz for the lateral axes and 360 Hz for the z axis.
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Notice how the dispersion in the ratio of those values is at the level of 1% for the gain
and 7% for the ENC, both of which are essentially determined by the statistical error
associated with the measurement. In fact table 7.3 confirms that there is no evidence
of a single channel lost due to the vibration (since the classification of a channel as
disconnected relies on the noise measurement, the small fluctuation of the numbers is
due to uncertainty in the measurement itself).
Statistics of disconnected channels
Tower Before vibration After vibration Variation
A 433 430 +3
B 99 98 -1
1 164 166 +2
2 142 140 -2
3 169 170 -1
4 113 112 -1
5 37 37 0
6 27 24 +3
7 12 11 -1
8 4 4 0
9 22 22 0
10 12 11 -1
11 18 17 -1
12 25 25 0
13 10 9 -1
14 7 7 0
15 28 30 +2
Average 77 77 0
Tab. 7.3: Number of disconnected channels for 17 towers (tower 16 is missing because it did
not go through the vibrational testing) before and after the vibration tests. There is
no evidence of any significant change and the small fluctuations are likely due to the
statistical uncertainty connected with the noise measurement.
7. Environmental Tests 111
Fig. 7.6: Ratio of the gain values (measured at the level of the single channel), for all the 36
silicon layers, before and after the vibrational test of tower B. The typical spread of
the ratio is at the level of 1%, essentially determined by the statistical error associated
with the measurement.
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Fig. 7.7: Ratio of the ENC values (measured at the level of the single channel), for all the 36
silicon layers, before and after the vibrational test of tower B. The typical spread of
the ratio is at the level of 7%, essentially determined by the statistical error associated
with the measurement.
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7.2 Thermal-vacuum testing
Once the vibration test has been successfully completed the next step is the thermal
vacuum test, which is also performed in the Alenia Spazio facilities. The environmental
thermal vacuum test is performed in order to verify the workmanship at the level of
the integrated tower and it consists of four complete temperature cycles between -15 ◦C
and +42 ◦C. Electrical and functional tests (those described in the previous chapters)
are continuously performed throughout the thermal vacuum cycles. The test data is
monitored in real time, in order both to monitor on-line the cycle and to study in detail
the tower response under thermal gradients. Some technical information on the thermal
vacumm chamber used for the thermal vacuum testing of the towers is listed in table
7.4.
Fig. 7.8: Inside the thermal vacuum facility used for the testing of Tracker towers in Alenia
Spazio.
Thermal Vacuum chamber technical data
Internal Useful Volume 26 m3




Cold plate temperature range −60◦C to +100◦C
Cold plate temperature uniformity +/− 1◦C
Cold plate maximum temperature gradient 1◦C/min
Tab. 7.4: Technical specifications of the thermal vacuum chamber used for the environmental
testing of the flight towers.
The start of the soak period is considered once the respective parts of the tower reach
a temperature that is within 3◦C of the expected temperature on that part. Monitoring
of the temperature all along the tracker will be done by means of thermistors located
on the tower flex cables and by means of external thermocouples distributed throughout
the tower, mechanical ground support equipment(MGSE), inner guard shield (IGS) and
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base plate. The MGSE consists of the grid ring, tower stand and the inner guard
Fig. 7.9: MGSE for the tower thermal vacuum test. The copper support act as an interface
between the tower and the cold plate.
shield (IGS). The grid ring (GR) is a mounting plate designed to simulate the flight
grid. The tower is attached to the GR, both mechanically by titanium flexures, and
thermally, by copper straps. The GR is in turn bolted to the base plate to assure good
heat transfer from the cold base plate to the tower. The tower stand is a copper support
which serves as the interface between the tower and the cold plate. The inner guard
shield is a 2 mm thick aluminum box thermally coupled to the base plate. Its purpose
is to enclose the tower in order to minimize radiation parasitics. The inner surface of
the IGS is painted black, in order to have a high emissivity, and the top sidewalls are
equipped with four heaters, to provide the vertical temperature gradient [8].
All 16 flight towers have completed the environmental tests performed in Alenia
Spazio. A typical temperature profile for the TV test is illustrated in figure 7.10. No
relevant variations of the tower functionalities were detected after the vibrational testing,
while the fluctuations detected (in the beginning of the tower production) during the
TV tests were expected due to defects found already at the tray level as can be seen
in plot 7.11. Nonetheless, the rate of loss of channels during the environmental tests
decreased as the tower production continued and reached an overall rate of less than 10
channels per tower, which corresponds to less than 0.02%.
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Fig. 7.10: Plot of the tower A temperatures as monitored by the thermocouples during thermal
vacuum test in Alenia Spazio.
Fig. 7.11: Number of disconnected channels, as measured in different stages of the thermal vac-
uum cycles (the data refer to tower B). It can be clearly seen that the fluctuations
with temperature, as well as the overall increasing trend in the total number of dis-
connections is essentially determined by 3 silicon layers which were already known to
have a significant number of disconnected channels at the level of the single tray test.
The sum of the other 33 layers (blue solid line in the graph) is pretty much stable
through the cycles.
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Fig. 7.12: Total number of disconnected channels after thermal vacuum testing for 17 towers
(Tower 16 is not represented in the plot due to the fact that it did not go through TV
testing because it is a non flight tower).
Statistics of disconnected channels
Tower Before thermal vacuum After thermal vacuum Variation
A 430 437 +7
B 98 140 +42
1 166 202 +36
2 140 161 +21
3 170 206 +36
4 112 132 +20
5 37 38 +1
6 30 28 -2
7 12 12 0
8 5 5 0
9 22 23 +1
10 12 12 0
11 17 13 -4
12 25 26 +1
13 9 9 0
14 10 13 3
15 30 32 2
Average 78 88 10
Tab. 7.5: Number of disconnected channels before and after the thermal vacuum tests. Note
that the loss in channels during the TV tests decreases drastically throughout the
tower production. The average loss of channels per tower is 10, which turns out to be
0.02% overall. Tower 16 is not listed due to the fact that it is not a flight tower and
therefore did not go through TV tests.
8. CONCLUSIONS
The pioneering gamma ray space missions, in particular EGRET, revealed the high
energy sky to be surprisingly dynamic and diverse. Out of the 270 sources detected
by EGRET more than 60% of these objects do not have visible counterparts in other
wavelengths, therefore leaving the origin of these sources completely unknown. In light
of the discoveries made by EGRET, the great potential of a next generation space
telescope can be appreciated. GLAST will have an imaging gamma-ray telescope vastly
more capable than any other instrument flown before, as well as a secondary instrument
to augment the study of gamma-ray bursts. The anticipated advances in astronomy and
astrophysics which GLAST will provide have been briefly described in the first chapter
of this thesis. The Large Area Telescope (LAT), the main instrument onboard, will have
superior area, angular resolution, field of view and dead time that together will provide
a factor of 30 or more in advance in sensitivity. The GLAST silicon strip tracker with its
80 m2 of active silicon and its close to 106 independent electronics channels, represents
the largest tracker ever built for a space application and constitutes, to date, one of the
largest scale applications of silicon strip technology.
The construction, testing and completion of the 16 flight tower modules, plus 2
spare towers for calibration purposes, proved to be extremely successful. My personal
contribution to the completion of the tracker modules resides in the construction, testing
and performance analysis of the all the flight hardware. In particular, the electrical and
geometrical testing of the silicon strip detectors, the tracker multichip modules (MCMs),
trays and the full tower module. The performance study that I worked on includes the
noise analysis and basic calibration of the readout electronics at every phase of the
construction (MCMs, trays, and towers), as well as an examination of the extensive
cosmic ray data collected throughout the assembly phases. Such data lead to the study
of the relative alignment, spatial resolution and detection efficiency of the detector. I
have also actively participated in the thermal vacuum testing of the flight towers.
The average detection efficiency for the full 18 towers is 99.6%, while maintaining
the noise occupancy value at an incredibly low 10−6. Such an achievement translates to
an average of one noise hit for almost one million electronic channels. Out of the 11500
silicon strip detectors tested the rejection rate was less than 0.6% and a total of 2555
flight ladder detectors were assembled and tested maintaining the rejection rate below
0.8%. A total of 370 trays were assembled and tested while maintaining a rejection
rate (of the trays with the full payload) low as as 4.7%. Such results reflect the overall
production quality achieved throughout each phase of the construction.
The construction of the silicon strip tracker has been successfully completed. All
activities related to the assembly and testing of the flight tower modules have been
carefully described throughout this thesis, as well as an analysis of the data collected at
all levels of the construction. The analysis verifies that the performance of the instrument
is excellent and that the design goals have been successfully met.
APPENDIX A: LIST OF ACRONYMS
ACD : Anti Coincidence Detector
ADC : Analog to Digital Converter
ASIC : Application Specific Integrated Circuit chip
CAL : Calorimeter
CCA : Circuit Card Assembly
CSR : Control Status Register
DAC : Digital to Analog Converter
GASU : Global trigger Anticoincidence electronics module Spacecraft interface Unit
GCCC : GLAST Calorimeter Cable Controller
GCRC : GLAST Calorimeter Readout Controller
GLAST : Gamma-ray Large Area Space Telescope
GTCC : GLAST Tracker Cable Controller
GTFE : GLAST Tracker Front End
GTIC : GLAST Trigger Interface Controller
GTIU : GLAST TEM Interface Unit
GTRC : GLAST Tracker Readout Controller
LAT : Large Area Telescope
LVDS : Low Voltage Differential Signal
L1T : Level 1 Trigger
MCM : Multi Chip Module (see also TMCM)
MIP : Minimum Ionizing Particle
PDU : Power Distribution Unit
PSA : Power Supply Assembly
PSF : Point Spread Function
SSD : Silicon Strip Detector
TACK : Trigger AKNoledge
TEM : Tower Electronics Module
TKR : Tracker
TMCM : Tracker Multi Chip Module
TRG : Trigger
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